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ABSTRACT 
Secondary side of pressurized water reactors undergo severe erosion-corrosion (E-C) under 
high-temperature flowing water, and one of the most damaging phenomenon is flow accelerated 
corrosion (FAC). Due to FAC, many failures of the secondary system occurred which threatened the 
safety and the integrity of nuclear power plants. In this study, novel technologies, which include 
development of FAC resistive coatings and alloys, are proposed and their performance was evaluated 
in various FAC conditions. As the resistive coatings, Ni-P/TiO2 nanocomposite and Fe-based 
amorphous metallic coatings (AMCs) were deposited on carbon steel substrate. Since they are known 
to possess outstanding corrosion and erosion resistance. In case of FAC resistive alloys, low alloy steels 
with different Cr and Mo contents were developed since Mo could be substituted by higher Cr contents 
according to Ducreux’s equation. Also, Nakamura’s crack susceptibility model and manufacturing costs 
of the alloys were considered. As a product, FAC resistive alloys (FRAs) are manufactured via vacuum 
arc melting method. And, the performance of the FAC resistive coatings and the alloys have been 
experimentally demonstrated by employing various FAC instruments. 
At first, their electrochemical properties under seawater have been evaluated using linear 
sweep voltammetry and electrochemical impedance spectroscopy. Ni-P/TiO2 coating shows excellence 
corrosion resistance due to the anodic protection for Ni-P matrix by spatially dispersed TiO2 
nanoparticles and the stability of NiO. However, Fe-based AMC shows susceptibility in seawater 
corrosion due to intrinsic surface morphology, defects, and surface area. In case of FRAs, the corrosion 
behavior in seawater condition has similar trend indicating that Mo could be substituted by high Cr. 
Electrochemical behavior of Ni-P and Ni-P/TiO2 coatings under simulated secondary water chemistry 
is also evaluated. Compared to Ni-P coating, Ni-P/TiO2 coating is less activated where FAC is favored 
i.e., 150 oC. However, the effect of spatially dispersed TiO2 nanoparticle is vanished at 125, 175 and 
200 oC but still the coating can suppress the corrosion. 
To evaluate FAC resistive performance, secondary water chemistry control system and an 
autoclave system is prepared. At temperature range 125 to 200 oC, FAC simulation performance of the 
coatings and the alloys have been tested under deaerated water with pH 9.3, which is controlled by 
ethanolamine. In case of the coatings, Ni-P/TiO2 coating effectively suppress the corrosion by the 
galvanic coupling compared to Ni-P. Fe-based AMC also shows remarkable corrosion resistance since 
FAC is a complex phenomenon of corrosion and erosion. Instead of weight loss, slight weight gain is 
observable for Fe-based AMC. In case of FRAs, the oxide morphology is two-layer structure. The outer 
oxide layer is composed of Cr-rich amorphous oxide and the inner oxide is Cr-substituted magnetite 
according to their crystal structure. The corrosion rates of the alloys are in good agreement with 
Ducreux’s model. 
  
Finally, FAC tests at 5.7 m/s of flow were carried in the test facilities. To test FAC performance 
of the coatings, coated 90o elbows were prepared and their thickness is measured by ultrasonic thickness 
technique. In case of A106 Gr.B carbon steel, significant thickness reduction is observable at intrados 
due to localized acceleration of flow velocity while A335 P22 keeps its thickness for 21 days of 
immersion. Ni-P/TiO2 coating also shows significant thickness reduction at intrados and surface and 
cross section morphologies confirms that the coating is detached. However, Fe-based AMC does not 
show thickness reduction but slight increased thickness is observable due to the formation of thick oxide. 
Thus, it can be concluded that: Ni-P/TiO2 coating is good corrosion resistive coating under 
corrosive condition but not effective under erosion condition; Fe-based AMC is susceptible to seawater 
corrosion but highly effective under erosion-corrosion condition; Mo-free FRA is available option for 
the substitution of commercial low alloy steel. 
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I. Introduction 
1.1.  Materials Degradation in Secondary System of PWRs 
Nuclear energy now becomes reliable baseload electrical source as clean energy from past few 
decades of history. In worldwide, nuclear energy meets 13 % of the electrical demand [1]. And, in Korea, 
12 % of the electrical demand is provided by nuclear energy. There are 24 operating NPPs in Korea and 
the predominant reactor type is PWRs. Thus, understanding and mitigating the materials degradation in 
PWRs is an essential to enhance the materials integrity and safety of operating NPPs. Commercial 
PWRs consist of two systems: primary and secondary system. The schematic diagram of commercial 
PWRs is given in Figure 1.1. The purpose of primary system is to transport heat from nuclear fuels to 
steam generator and that of secondary system is generate electricity by the steam. After passing the 
turbines, the steam is condensed by cooling water. As the steam is cooled, it condenses back into 
feedwater system and recirculated the system. Thus, main components of secondary system such as 
steam generators, moisture separators, high- and low-pressure turbines, condensers, re-heaters, and they 
are connected by pipelines are exposed to high-temperature and pressure flowing water. Due to the 
susceptibility of materials in this environments, the materials undergo severe degradation, so called E-
C, and many studies have been reported its mechanism, forms, some important accidents, and available 
countermeasures [2-5]. 
In terms of corrosion and erosion, the unique features of secondary system are high-
temperature and pressure, alkaline water chemistry, low DO concentration, and fast flow velocity of 
coolant. In this condition, Fe based alloys will undergo severe corrosion and/or erosion as shown in 
Figure 1.2. In deaerated alkaline water, half-cell reactions of Fe corrosion are known as follows (Figure 
1.2(a)) [6]: 
 
Anode: Fe → Fe2 + 2e−             (1.1) 
Cathode: 2H2O + 2e
− → H2 + 2OH
−           (1.2) 
 
Here, half of the dissolved Fe2+ ions transform into Fe3O4, and the others dissolved into the flowing 
water. Besides the destructive electrochemical reaction involving dissolved materials of the liquid itself, 
mechanical hydrodynamic and physical effects have to be considered to investigate the interactions 
between a flowing water and a solid wall [6]. Temperature determines the phase stability and solubility 
of Fe3O4 [7-10]. And, flowing water make impacts on mass transport and concentration gradient of 
soluble species. Or, if there is drastic pressure drop, accelerated liquid droplet or bubbles will make a 
severe damage to metallic substrate (Figure 1.2(b)). Due to the continuous dissolution of soluble species 
2 
 
and wear of the substrate, wall-thinning, leaks, and failure of pipelines and components occurs and 
eventually catastrophic accidents [11]. In the next section, various type of E-C in various NPPs type 
will be reviewed. 
 
1.2.  Types of E-C and Related Accidents 
Representative E-C phenomena in secondary system are CE, FAC, and LDIE as shown in 
Figure 1.3. Their occurrence is usually distinguished by the phase of water. CE occurs at single-phase 
and LDIE occurs at two-phase flow only. FAC is observable in both phases. The schematic of the 
mechanism of each phenomenon is displayed in Figure 1.4. 
CE involves the repeated formation and collapse of vapor bubbles and this collapse causes the 
generation of shock waves that cause material deformation and removal [2, 5, 12]. It is the deep 
localized degradation, which is frequently observed in pumps, downstream of internals, and valves, 
caused by cavitation. That is, violent collapse of stream bubbles in water flow near solid parts is 
governed by physical fluid and material properties (Figure 1.4(a)). As a result of CE, surface damage is 
rapidly propagated and increased due to constant collapse of bubbles [13]. Cavitation factor can be 
defined as follow: 
 
C =
ΔP
p0−pv(T0)
              (1.3) 
 
Where ΔP is the pressure drop across the component, p0 is the static pressure within the component, 
pv(T0) is the saturated pressure at the fluid temperature within the component. A cavitation factor of less 
than 0.2 indicates the likelihood of cavitation. CE is generally found at an orifice downstream but 
recently there was wall-thinning observed at 90o elbow pipeline [12]. 
FAC is the continuous dissolution of Fe3O4 due to the destructive chemical reaction of Fe 
oxidation and Fe3O4 dissolution, and the mass transport into the flowing water (Figure 1.4(b)). Since 
there is an equilibrium between the oxidation and the dissolution in Fe3O4, continuous wall thinning 
occurs. The role of flow in FAC is enhancing concentration gradient of ion concentration and mass 
transport of soluble ions between oxide/water interface and bulk water. Among many kinds of FAC 
models, Sanchez-Caldera suggested the following model [3]: 
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FAC Rate =
θ(T)∙𝐂𝐞𝐪
1 𝐊⁄ +(1−f)∙[
δ
D
+
1
𝐡
]
                       (1.4) 
 
Where θ(T) is the porosity in cm2 of open area of metal, Ceq is the equilibrium concentration of Fe 
species, K is the reaction constant, f is the fraction of oxidized metal converted into magnetite at the 
interface, δ is the magnetite thickness, D is the diffusion coefficient of Fe cations in water, and h is the 
mass transfer coefficient. FAC appears not only where pipeline and components is exposed high-
temperature flowing water but also where vigorous pressure drop is, such as an orifice [14]. 
LDIE is the erosion of metallic components by the accelerated liquid droplets (Figure 1.4(c)) 
[15]. It has been defined earlier as continuing material loss of a solid target material due to continued 
exposure to impacts by liquid drops. As a result of the collision of droplets at these surfaces, the oxide 
film is removed and the bare metal, which is now exposed to steam or liquid, is corroded to generate a 
new oxide film [16]. Repeating the events of oxide film rupture and recovery enhances local wall 
thinning. High hardness materials tend to be more resistible to LDIE. The acceleration occurs where 
drastic pressure drop is, such as orifice, reducer, etc. [5]. While FAC is the dissolution of oxides layer 
by chemical reaction, LDIE is the destruction of metallic substrate due to mechanical damage. The 
velocity will increase and act to decrease the static pressure 
 
Δ𝑃 =
𝜌
144
(
𝑣2
2−𝑣1
2
2𝑔
)                         (1.5) 
 
Where Δ𝑃 is the pressure difference through a component, 𝜌 is the fluid density, v2 and v1 is the 
flow velocity. 
Also, LDIE can be quantified as following equation: 
 
𝑚′′̇ =
𝐶∙𝜌𝑓∙?̇?𝑡𝑜𝑡∙(1−𝑥)∙𝑉𝑑
4∙𝐹𝑒∙𝐹ℎ∙𝜌𝑜𝑥
(𝑃∙𝜀𝑐)2∙𝐴𝐶
            (1.6) 
 
Where 𝑚′′ ̇ is the wear rate per unit area, 𝐶 is the wear coefficient derived empirically, 𝜌𝑓 is the fluid 
density, 𝑚𝑡𝑜𝑡 is the total mass flow rate, 𝑥 is the flow quality, 𝑉𝑑 is the droplet velocity, 𝐹𝑒 is the entrained 
fraction, 𝐹ℎ is the fraction impacting surface, 𝜌𝑜𝑥 is the oxide density, 𝑃 is the indentation hardness, 𝜀𝑐 
is the critical strain to fracture, 𝐴𝐶 is the characteristic wear area. LDIE on the turbine blades is a typical 
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pattern of LDIE, which is often mitigated by improving surface hardness. Air vent lines of feed water 
heaters are often damaged by LDIE, which shows a typical pattern of LDIE for high velocity steam and 
a typical pattern of LDIE for low velocity steam [17]. 
 
1.3.  Failures in NPPs due to E-C 
From the history of operating NPPs, many accidents related E-C have been reported in various 
reactors types: PWR, BWR, and PHWR (CANDU) in worldwide [18, 19]. Also, as NPPs in Korea age, 
it has also experienced piping E-C related accidents including thinning in the downstream straight pipe 
of a check valve in a feedwater pump line, the downstream elbow of a control valve in a feedwater flow 
control line, and failure of the straight pipe downstream of an orifice in an auxiliary steam return line 
[20, 21]. Table 1.1 enlists representative cases of the E-C related failures. Some failures induces not 
only break or rupture of components but also human casualties. Figure 1.5 displays the catastrophic 
destruction of pipelines and components of NPPs due to E-C. The recently observed FAC of CANDU 
outlet feeders cooperates a texturing of the corroding surface in morphology of scalloping that is typical 
surface shape of FAC [18]. Feeder pipe of Rajasthan NPPs from India was investigated by Singh [22]. 
Massive wall-thinning of the feeder had occurred downstream and close to the weld in 32.75 mm inner 
diameter elbows.  
In 2014, Common Online Data Analysis Platform (CODAP) integrates the number of 
accidents due to E-C and susceptibility of key components of secondary system as shown in Figure 1.6. 
In Figure 1.6(a), the number of E-C related accidents is displayed according to plant types: PWR, BWR, 
and PHWR(CANDU). The statistics shows that PWR is the highest rank among the plants type but this 
is also contributed from the total number of PWR in the world. In 2005, the number of accidents at 
PWR exceeds 60 and this is due to the aging of PWRs over few decades. According to the Figure 1.6(b), 
the most susceptible components to E-C is external steam line followed by feed water. These two 
components are the regions of two-phase and single-phase flow, respectively. Thus, it can be concluded 
that the corrosion and erosion will frequently occur in this region due to FAC and LDIE. 
 
1.4.  Key Parameters on the E-C Behavior 
 Generally, key parameters of E-C can be categorized in three: thermal-hydraulic, water 
chemistry, and materials as shown in Figure 1.7. Predominant thermal-hydraulic parameters are 
temperature, pressure drop, flow rate and velocity, and geometry of pipelines and components. These 
factors result in characterization of hydrodynamic factors such as Re, mass transfer coefficient, surface 
shear stress, intensity of turbulence, freak energy density, etc [3]. Temperature determines solubility, 
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reaction rate constant, diffusion coefficient, and mass transfer constant during the electrochemical 
reaction of Fe and Fe oxides [23]. Fe solubility is important because hydrolysis reactions of the ferrous 
ions, the dissolution equilibria of corrosion products including Fe3O4, FeO, and Fe(OH)2, and the 
number of electrons in the chemical reaction , which determine E-C rate of CS, is highly dependent on 
it [8]. Pressure drop determines localized flow profile. Geometry is highly related to the flow profile 
[24]. Turbulence in the flow enhances FAC rate by increases the flow rate at localized regions [25]. And, 
there is a critical shear stress which can mechanically remove protective layers which depends on the 
local velocity [26]. In two-phase flow condition, Reynold number is given as follow: 
 
𝑅𝑒 =
𝑄
𝑆∙𝜌𝐿
(1−𝑋)
(1−𝛼)
𝑑
𝑣𝐿
              (1.7) 
 
where Q is the mass flow rate, S is the pipe cross-section area, ρL is the density of liquid, X is the steam 
quality, α is the void fraction, d is the pipe diameter, vL is the kinematic viscosity. Since in the given 
condition, Q, S, ρL, d, and vL is fixed. Thus, 
 
𝑅𝑒 ∝
(1−𝑋)
(1−𝛼)
              (1.8) 
 
This equation shows that the relationship between Re and X is reciprocal. Thus, in high quality steam, 
Re would decrease thus FAC rate follows when void fraction is not changed. 
In terms of water chemistry, DO concentration, pH, and its controller are known as to be 
seriously involved in E-C behavior of the alloys [27-29]. In high DO concentration, oxygen excessive 
condition is formed, thus ECP of the system shifts to positive direction. Eventually, steels form more 
protective and compact oxides such as Fe2O3 [30]. pH is also strong parameters that determine corrosion 
rate of steels. In low pH, stable form of Fe is known as to be Fe2+. Thus, current secondary system keeps 
pH over 9.3 to reduce the corrosion rate of steels. Also, in the early history of PWR operation, 
phosphorous water chemistry was used but currently NH3, ETA, and morpholine water chemistry is 
used as a part of AVT. Some research has been carried out to investigate the correlation between the 
types of pH controller and the corrosion rate of steels in secondary water chemistry. Computational 
results for liquid film pH at 90% steam quality suggests that ETA provide the sufficient protection while 
NH3 induces pH drop at very high steam quality [27]. Combination of ETA and NH3 was more effective 
than ammonia alone with comparison of Korea NPPs field data and laboratory data [28]. 
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 Various studies have been reported that increase in alloy contents greatly reduces corrosion 
and erosion rate of steels in secondary water chemistry [31]. By addition of small amount of Cr in steels, 
protective Cr-rich oxide is formed at the interface. Fujiwara found that the Cr addition results in the 
formation of the stable FeCr2O4 in the oxide film and that FeCr2O4 prevents the diffusion of Fe in the 
oxide film [23]. Generally, it is considered that oxygen injection to feed water stabilizes Fe2O3 and 
reduces the Fe solubility [32]. However, Moon reported that P11 and the P22 possesses the coexistence 
of both Fe3O4 and Cr2O3 in their oxide [33]. Similar trend was also reported by Cheng [34, 35]. He 
studied electrochemical behavior of various steels with different Cr contents. Microstructure affects E-
C behavior. According to the Nam’s study, ferrite is less susceptible than bainite or ferrite-cementite to 
E-C due to galvanic coupling between the metal and the carbide [15]. 
In 1984, as a counter measure for Surry accidents, EPRI developed CHEC® program to predict 
FAC rate [36]. Most tests were run in the CIROCO loop, in which, at that time, the stream was directed 
toward the specimens rather than flowing inside them as is done nowadays [37]. More generally, the 
state of the loop was quite different at the time, compared to nowadays. In the program, Ducreux’s 
model on FAC was employed as follows (Figure 1.8(a)): 
 
Relative FAC Rate = 1 (83[Cr]0.89[Cu]0.25[Mo]0.2)⁄                (1.9) 
 
where [Cr], [Cu], and [Mo] is the alloy contents of Cr, Cu, Mo in an alloy, respectively. The model is 
developed based on experimental results from BRT CICERO loop tests at pH 9.0, flow velocity 1.3 – 
60 m/s, 180 oC single-phase flow. 
 In early 1990, Huijbregt developed FAC model to predict the corrosion rate in two phase flow 
as follows (Figure 1.8(b)) [36]: 
 
Relative FAC Rate = 1 (0.61 + 2.43[Cr] + 1.64[Cu] + 0.3[Mo])⁄           (1.10) 
 
The model was developed by employing 100 hrs of experiments for alloys with different alloy contents.  
 And, in middle 1990, Bouchacourt developed theoretical model. It describes both the Cr 
content effect and the time dependency of the FAC rate of carbon steel under single-phase flow [37]. In 
this model, the relative FAC rate drastically decreased as Cr contents exceed 0.05 wt.%. And, the FAC 
rate decrease as time increases. This is supposedly due to: Progressive oxide porosity decrease over 
time as the oxide chromium concentration increases, as for the Ducreux model; reduction of the 
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solubility of the oxide over time and as the oxide gets enriched in chromium, as for the Ducreux model; 
increase of the oxide thickness over time (not considered by the Ducreux model). 
 Kastner model, which is used in WATHEC codes of Siemens, added molybdenum contents as 
a material factor [36]. At 180 oC, compared to Mo-free alloy, the result was more conservative than that 
of Ducreux’s.  
Thus, carbon steel (e.g., A106 Gr.B) pipelines and components have been substituted by low alloy 
steel (e.g., A335 P22). However, the fundamental role of Cr in E-C resistance is not clearly investigated 
and those of Mo and Cu is not known yet. 
 
1.5.  Mitigation of E-C by Employing New Materials 
From the previous sections, the mechanism of E-C, and key parameters of E-C behavior of 
alloys are investigated. The key to mitigate or prevent E-C is the obstruction of electrochemical 
interaction at metal/oxide/water interface. Since the modification of thermal hydraulic condition and/or 
water chemistry is highly restricted due to the consideration of the compatibility with other metals and 
alloys and the fundamental design of NPPs. In this study, as new materials, coatings and new alloys will 
be exploited as shown in Figure 1.9. 
Coatings for corrosion and erosion resistance are one of the most classical field of research in 
assorted science and engineering societies since application of coatings into used material is cost-
effective and time-saving compare to replacement of alloys. In NPPs, claddings, linings, and barrier 
coatings are used to enhance structural and materials integrity. However, the application in pipelines 
and components of secondary system is barely reported. Therefore, it is essential to evaluate 
thermodynamic properties of coating materials, and their compatibility with secondary water chemistry. 
Thus, in this study, E-C resistive materials will be developed based on mechanistic model of E-C rate 
and addition of small amount of alloy elements. Candidates materials will be introduced in the following 
sections. 
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Table 1.1. Remarkable E-C accidents inducing failures in various type of NPPs 
No. 
Year 
(or RFPY) 
Plant Name 
(Type) 
Component Operating Condition 
1 2004 [3] 
Mihama 
(PWR)  
SG tube inlet 
with orifice d/d0 
= 3.28 
- Temperature = 155 oC 
- Velocity 2.2 m/s 
- pH = 9.1 – 9.4 
- DO concentration = 2 ppb 
- Tube diameter = 15.6 mm 
- Re = 2 × 105 
2 1986 [3] 
Surry 
(PWR) 
Condensate 
water pipe after 
orifice d/d0 = 
1.612 
- Temperature = 140 – 142 oC 
- Velocity = 5.5 m/s 
- pH = 8.6 – 9.3 
- DO concentration < 5 ppb 
- Pipe diameter = 540 mm 
- Re = 5.8 × 106 
3 1991 [6] 
Millstone 
(PWR) 
Reheater drain 
tank line elbow 
- Temperature = 239 oC 
- Velocity = 2.3 m/s 
- NH3 and N2H4 water treatment 
- Single-phase flow 
4 2013 [21] 
Korea 
(PWR) 
1’’ Pipe after 
plate-type 
orifice 
- Outer diameter = 1’’ 
- Schedule = 80 
- Temperature = 293.3 oC 
- Pressure = 74.3 atm 
- Steam Quality = 0.975 
- Flow Rate = 9.72 kg/hr 
5 (15.67) [22] 
Rajasthan 
(CANDU) 
Feeder Pipe 
- Diameter = 1.25’’ – 2’’ 
- Flow Rate = 7.62 – 15.24 m/s 
- Temperature = 280 – 290 oC 
6 
Not 
Available 
[20] 
Korea 
(PWR) 
Straight pipe on 
the downstream 
of the motor in 
feedwater 
system 
- Thickness = 1.5’’ to 1.161’’ 
7 1978 [6] 
Oyster 
Creek 
(BWR) 
Feedwater and 
drain 
condensate 
downstream of 
feedwater pump 
- General electric BWR 
- Location: 200 × 350 mm reducer 
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Figure 1.1. Schematic diagram of (a) PWRs and (b) the role and water phase in main components and 
pipelines of secondary system of NPPs 
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Figure 1.2. Schematic diagram of (a) corrosion and (b) erosion of Fe in high-temperature flowing 
water 
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Figure 1.3. Categories of E-C in terms of phase of coolant and examples of representative accident 
cases [6, 15] 
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Figure 1.4. Schematic diagrams of mechanism of (a) CE, (b) FAC, and (c) LDIE 
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Figure 1.5. LDIE induced failures of pipelines and components of NPPs: (a) Korea Unit Y #2, 
(b)Korea Unit W #1, (c) Belgium Tihange Unit #1, (d) CANDU feeder pipe [3, 15] 
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Figure 1.6. CODAP report on the number of E-C related events in (a) various types of NPPs and (b) 
components of NPPs 
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Figure 1.7. Key parameters of E-C categorized by thermal-hydraulic, water chemistry, and materials 
parameters 
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Figure 1.8. Effects of Cr and Mo contents on the E-C behavior of LAS: Ducreux’s and Huijbregt’s 
models on relative FAC rate and alloy contents in single- and two-phase flow condition, respectively 
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Figure 1.9. Schematic diagram on the concept of mitigation of E-C by the development of the 
resistive coatings and alloys 
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II. PROBLEM DEFINITION 
2.1. Monitoring and Predicting of E-C in NPPs 
 Wall-thinning and corrosion of pipelines and components of NPPs is managed by various non-
destructive evaluation techniques such as UT tests [38]. Those in-service tests are strictly managed by 
worldwide operating companies. However, due to complexity in geometry, human factors, and intrinsic 
errors in the measurement, many alternative techniques have been being developed. Zhang suggested 
array electrode to monitor corrosion of pipeline materials and those results were compared to 
computational results [39]. In their results, the maximum corrosion rate appears at innermost side of the 
elbow, i.e., the location with the maximum flow velocity and shear stress, while the minimum corrosion 
rate appears at outermost side of the elbow, the location with minimum flow velocity and shear stress. 
Series of works from Ryu suggests DCPD technique for monitoring wall-thinning in pipelines since 
management of E-C by current NDE is in lack of reliability [40-42]. Subramanian suggest thin-layer 
activation method to trace FAC of CS and those results were compared to Sanchez-Caldera model [43]. 
However, prediction of E-C rate is still in development due to complexity of the system [44, 45]. And, 
monitoring techniques is unable to fundamentally solve E-C problems in pipelines and components of 
NPPs. Thus, many research has been carried out to develop adequate countermeasure for the mitigation 
of E-C as discussed in the very following sections. 
 
2.2. Mitigation of E-C by Water Chemistry Modification 
 Water chemistry parameters is one of the dominate parameters in the rate of E-C in CS and 
LAS. Thus, there were tremendous efforts to control E-C by modification in parameters of water 
chemistry including pH and its control agent, DO concentration. In the early stage of operation of PWRs, 
phosphorous chemistry was employed. However, the phosphorous water chemistry has been substituted 
by AVT due to the wastage. Conventionally, NH3 is used as control agent to rasie pH at boiler, feedwater, 
and condensate [27]. High pH water chemistry reduces the solubility of Fe3O4 thereby reduces E-C rate. 
The usage of NH3 requires high purity water and still enhances the corrosion of any Cu that might be 
present in a two-phase flow region. Furthermore, due to more volatility of NH3 than that of water, two-
phase flow region offers limited protection to corrosion. However, ETA, an alternative pH controller, 
possess less volatility than that of NH3 thus the two-phase region offers better corrosion protection. 
Because NH3 is corrosive to Cu, ETA can also be a better alternative for systems where multiple alloys 
exist. ETA have been applied in NPPs for decades and some guidelines are available for their application 
in these systems. 
The high-pH chemistry made the system very sensitive to DO concentration. A concentration 
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of 1 – 2 ppb was sufficient to stifle FAC, apparently via a front of oxide based on Fe2O3 that progressed 
downstream [30]. In BWR, O2 water chemistry is applied by injecting amount of O2 into feedwater 
system to obtain high ECP. It has proven to be a powerful countermeasure to FAC [46]. The threshold 
level of O2 to prevent carbon steel corrosion under neutral conditions is very different from that under 
high pH conditions. 20 ppb level of DO concentration is known to be the threshold level under neutral 
conditions. However, high O2 water chemistry is not applicable for PWR due to compatibility with Ni 
base alloys especially steam generator tubes made of Inconel 600 [1]. From many literatures, it has been 
reported that high DO concentration stimulate PWSCC initiation and growth [47]. 
 
2.3. Mitigation of E-C by Materials Modification 
Due to susceptibility of CS in a E-C favored condition, LAS replaces the most damaged parts 
of secondary system as shown in Figure 2.2. While main steam lines still use CS (e.g., A106 Gr.B) as 
pipeline materials, the other steam and water lines employ LAS (e.g., A335 P22) as an alternative. As 
shown in Figure 2.3, as Cr contents increases, resistance in corrosion and erosion of pipeline greatly 
reinforced. Decision was initially made to replace some severely corroded CS pipelines and fitting 
system with LAS [17]. When Cr contents in the material is increased from 0.03 to 0.5 wt.%, FAC rate 
of the alloy reduces to one tenth. The surface oxide changes from Fe3O4 to FeCr2O4 with addition of Cr 
in carbon steel. Similar result was reported by Fujiwara [32] but his study was based on calculation 
results rather than experimental approach. 
Regardless of its effectiveness, degradation mechanism of LAS in high-temperature flowing 
water is partially and qualitatively investigated. In 2003, EPRI reported FAC rate and amounts of Cr 
contents in steels [48]. The reports assembled all known information concerning the effects of 
chromium on the rate of FAC. In particular, laboratory papers were assembled and reviewed. FAC 
model of Ducreux, Huijbregts, Kastner, and AECLwere introduced. Plant data from Diablo Canyon, 
Dominion Power, Callaway, Wolf Creek, San Onofre, Dukovany, and other miscellaneous data were 
also integrated. However, the report concluded that still the reliability of the data is questionable. In 
2006, EPRI also described an experimental investigation for quantitatively determining the effect of Cr 
content on the rate of FAC of carbon steel [37]. The results were in good agreement with the Ducreux 
model ranging between 0.04 to 0.12 wt.% indicating threshold Cr contents under which there is no 
effect from the Cr could be lower than 0.04 wt.%. The relative FAC rate for the specimen containing 
0.15 wt.% Cr was lower than that predicted by Ducreux model. Thus, the model may be conservative 
for relatively higher Cr contents. Time-dependent FAC rate on specimens shows that the FAC rate 
measured on specimens containing less than 0.15 wt.% Cr showed no significant decrease with time for 
test durations up to 1000 hours which is consistent with AECL. As the FAC rates obtained in this work 
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did not show any decrease with time, they could not account for the difference between the Ducreux 
model (based on short tests) and the field results. This was to be expected as the chromium contents of 
most of the tested specimens were quite low and the test durations relatively short compared to operating 
durations.  
As Cr greatly enhances E-C resistance, SSs would be possible alternate replacement materials 
for CS as these are significantly less susceptible to FAC due to high Cr contents [17]. But the 
replacement with austenitic SSs need to be considered with additional engineering aspects. They have 
a 1.4 times greater thermal expansion rate than that of CS. Also, they are susceptible to Cl-SCC with 
the Cl contaminants in thermal insulation. The replacement with SS was initially considered for PHWR 
in some advanced reactors (under design) but has not been implemented yet.  
And, among the alloy elements in LAS, the role of Mo is not fully understood. The role of Mo 
in steels are increases the resistance to both uniform and localized corrosion, increases mechanical 
strength, strongly promotes a ferritic microstructure [49-51]. However, enhances the probability for the 
formation of secondary phases in ferritic, duplex, and austenitic steels and in martensitic steels it 
increases the hardness at higher tempering temperatures due to its effect on carbide precipitation. Thus, 
in view point of corrosion, Mo is effective alloy elements for localized corrosion such as pitting. Since 
FAC is categorized as general corrosion, the addition of Mo in LAS is needed to be debated. According 
to Galvele’s study, high concentration of Cl ions is observed in the passive layer, which is formed in 
HCl solution according to Auger analysis [52]. The anodic reaction occurred in this alloy appears to be 
the formation of a dissolving salt layer (CrCl3) at the surface. The results suggest that Mo exerts its 
influence by reducing the dissolution rate of the salt layer. Sugimoto’s study on the corrosion behavior 
of Ni-Cr-Mo and Fe-Mo alloys showed that Mo is only effective against corrosion when Ni and Cr 
presence and there was no electrochemical differences in Fe-xMo alloys [51]. The results from Newman 
was in good agreement with those of Sugimoto [53]: Mo enhances passivation especially in terms of 
pitting corrosion resistance only when it co-exists with Cr and/or Ni. Based on these studies, early 
conjecture can be mad that Mo can be substituted by Cr in terms of E-C resistance is established. 
Recently, weldability and PWHT issues in LAS arise. In general, hydrogen cracking is a 
general mechanism hindering the weldability of CS and LAS with high strength levels. Also, reheat 
cracking a general problem in ferritic LAS containing Cr, Mo, V, and W. Thus, crack susceptibility of 
LAS is quantified by Nakamura as shown in following equation [54]: 
 
𝐶𝑟𝑎𝑐𝑘 𝑆𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = %𝐶𝑟 + 3.3 × (%𝑀𝑜) + 8.1 × (%𝑉) − 2            (2.1) 
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Cracking occurs along the prior austenite grain boundaries of heat affected zone, as shown in 
Figure 2.4, that shows the microstructure of A335 P22 subjected to Gleeble thermal weld and stress 
[54]. The stress was continued during cooling and reheating process at an elevated temperature. During 
the weld process for HAZ near the fusion line, the temperature was high enough to dissolve pre-existing 
Cr, Mo, and V carbides in the austenite phase field. Following rapid cooling was fast enough to not 
alloy reprecipitate of the carbides. When the coarse-grained heat affected zone is reheated to elevated 
temperature for stress relieving, carbon precipitations formed at dislocations of prior austenite grain 
interiors and strengthen them before stresses are relieved. Since interior of the grain is much more 
strengthened than grain boundaries, stress are not relieved thus cracking can occur along the grain 
boundaries. 
 Furthermore, even if corrosion resistive coatings might be promising solution for E-C, their 
application in high-temperature flowing water has been barely reported. Table 2.1 enlists corrosion and 
erosion resistive coatings for various metallic substrate. One of the promising corrosion resistive 
coatings that can be applied to secondary water chemistry is ENP since it has excellence corrosion and 
wear resistance when it is incorporated with noble nanoparticles. Thermodynamic stability and phase 
transformation of Ni species in alkaline water chemistry is reviewed some previous studies [55]. 
Tremaine reviewed the solubility of Ni and its corresponding oxide and hydroxide from 423 to 523 K 
using flowing instrument [56]. In his study, solubility constant for multiple Ni base oxides and 
hydroxides have been derived such as NiOH+, Ni(OH)2, and Ni(OH)3-. Zeller found out the effect of P 
contents in ENP in 50 wt.% NaOH solution by exploiting electrochemical technique [57]. In his work, 
the interface chemistry of Ni(OH)2/NiO in 50 wt.% NaOH solution was studied using a concept of P-
depleted zone. Work from Kang revealed the different behavior of ENP and pure Ni in KOH solution 
based on some X-ray and electrochemical technique [58]. Recent work from Ziemniak gave 
comprehensive understanding on the solubility of NiO in various hydrothermal condition and this 
enables understand the corrosion behavior of Ni and Ni-base alloys in simulate secondary water 
chemistry [59]. In this work, the effects of temperature on the hydrolysis of NiO was studied in detail. 
Finally, Medway made a synchrotron X-ray diffraction study for the characterization of hydrolysis in 
Ni electrodes in alkaline water chemistry. He found a formation of multiple layer structure (e.g.,  
Ni/NiO/Ni(OH)2 and NiOOH) at the electrode surface [60]. Regardless of their efforts, it is hard to 
directly apply their findings in E-C behavior of Ni based materials. 
Bulk metallic glasses are attracting tremendous interest from various industrial and academic 
research groups because of its numerous physical and chemical properties [61-63]. They exhibit 
outstanding corrosion resistance due to the homogenous chemical composition and the absence of 
crystal imperfection such as dislocation, point defects, second phases and precipitations [62-66]. Among 
these amorphous alloys, the Fe-based AMC provides impressive surface protection and can be used in 
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place of more expensive Co or Ni based alloys [64, 65, 67, 68]. Therefore, the corrosion resistance and 
tribological properties of AMC in aggressive environments have been widely studied. Zheng studied 
the erosion–corrosion behavior of Fe-based AMC in 3.5 wt.% NaCl using potentiostatic polarization, 
XPS, and Mott–Schottky analysis [69]. He investigated the electrochemical and chemical properties of 
passive films, which were formed under various applied potential, during the erosion–corrosion tests. 
In addition, Wang compared the performance of HVOF and HVAF sprayed Fe-based AMC [70]. The 
superior erosion–corrosion resistance of HVAF AMC compared to that of the HVOF AMC could be 
related to the mechanical properties due to its more compact structure. Regardless of these advantages, 
their application in high-temperature flowing water is very rare. Even though some coating techniques, 
such as flame, arc, plasma thermal spray, are applied to the power plants, application in the secondary 
side of the PWRs is rare. 
 
2.4. Experiments on E-C 
Variety of studies have tried to fundamental aspects of E-C by laboratory scale or facility scale 
experiments because simulation of E-C requires high flow velocity with drastic pressure drop. 
For LDIE tests, conceptual design of the impingement test system was based on ASTM 
standard method, named ASTM method G73-10. In the standard, three types of test method are 
suggested for LDIE: high-frequency vibratory method, water-jet method, and rotating machine method. 
The vibratory method is suitable for bubble induced corrosion but it is not relevant to LDIE in secondary 
system. Water-jet method can easily simulate LDIE damage but control of droplet size and distribution 
is complex. The rotating machine method is suitable for simulating LDIE and it has advantages in 
controlling test conditions including droplet speed and size [15]. By this method, Nam studied LDIE 
behavior of various Fe-based materials but his study is limited due to water chemistry: since corrosion 
and erosion in secondary system of PWR occurs in alkaline condition, acidic water chemistry would 
accelerate the corrosion. 
Due to the limitations in setting up experimental instruments and facility, computational 
simulation method is often adopted in E-C studies. Furthermore, some simulation results have been 
combined with experimental results. Study from El-Gammal have investigated flow profile, 
hydrodynamic factors, and wear surface morphology in an elbow pipe [71]. And, some advanced 
corrosion monitoring techniques have been employed to qualitatively and quantitatively evaluate E-C 
behavior of pipeline materials. It is generally acknowledged that FAC is an electrochemical reaction 
that is accelerated by flow. Regardless of importance in measuring electrochemical properties such as 
ECP, only few studies have been focused on it [72]. In 2001, Uchida reported FAC behavior of pipeline 
materials by exploiting electrochemical monitoring and oxide composition especially Fe2O3 and Fe3O4 
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[73]. He found that higher oxidizing power (i.e., higher ECP) was key to reduce FAC rate. 
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Table 2.1. Some corrosion and erosion resistive coatings 
No. 
Coating 
Tests and Environments Ref. 
Method Material 
1 Electroless Ni plating Ni-P/ZrO2 
- Hardness 
- Salt spray 
- Corrosion in 5 wt.% NaCl 
[74] 
2 Electroless Ni plating Ni-Cu-P/PTFE 
- Hardness 
- Friction tests 
[75] 
3 Electroless Ni plating Ni-P 
- Friction performance 
- Corrosion in 10 wt.% NaOH 
[76] 
4 Electroless Ni plating Ni-P/TiO2 
- Wear 
- Hardness 
[77] 
5 
Rapid thermal 
annealing 
Graphene - Corrosion in 3.5 wt.% NaCl [78] 
6 Electroless Ni plating Ni-P/TiO2 
- Hardness 
- Friction tests 
[79] 
7 Electroless Ni plating Ni-P/TiO2 
- Hardness 
- Corrosion in 3.5 wt.% NaCl 
[80] 
8 Electroless Ni plating Ni-P/TiO2 - Corrosion in 3.5 wt.% NaCl [81] 
9 Electroless Ni plating Ni and Ni-P - Corrosion in 6 M KOH [58] 
10 HVOF Fe-based AMC - Erosion in 3.5 wt.% NaCl [69] 
11 HVOF Fe-based AMC 
- Erosion in sand-containing 3.5 
wt.% NaCl 
[68] 
12 HVOF Fe-based AMC - Erosion in 3.5 wt.% NaCl [82] 
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Figure 2.1. Effects of water chemistry on the E-C behavior of the alloys: (a) temperature, (b) DO 
concentration, (c) pH, and (d) pH control agents 
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Figure 2.2. Atals of Materials in secondary system of NPPs: Red is CS, blue is LAS, and green is 
combined region and those glowing lines are recently replaced lines from CS to LAS 
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Figure 2.3. Effects of alloy contents on alloy factor in CHECWORKSTM [37] 
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Figure 2.4. Reheat cracking behavior of CrMoV steels in different magnification: (a) ×35, (b) ×1000 
[54] 
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III. APPROACH AND GOAL 
3.1. Development of E-C Resistive Coatings 
3.1.1. Requirements for E-C Resistive Coatings 
 As previously discussed in the previous sections, CS is known as to be susceptible to E-C since 
they possess poor passivity due to the lack of alloy contents. Thus, E-C resistive coatings should provide 
sufficient thermodynamic stability, electrochemical robustness, and long life-time as shown in Figure 
3.1. Electrochemical properties in high-temperature alkaline water of base material should be verified. 
Also, the method of coating should be applicable to pipeline with complicated geometry. Wettability of 
the material also should be considered. The water wettability of the Fe and Ni is known to be almost 
same according to Faghri’s study. Their contact angle is 40 and 34o, respectively. Since FAC is an 
interaction between metal and water, small difference in the contact angle may not introduce any 
negative effects [83]. Also, porosity of the coatings should be considered as it determines 
electrochemical active area of the metals. Plus, mechanical properties such as hardness and toughness 
of the materials are considered. Even though FAC is highly related to the corrosion process, its erosive 
behavior may make an effect on the coating surface. Thus, high hardness materials would be beneficial. 
 
3.1.2. Candidate Materials 
As candidate materials, electroless Ni-P/TiO2 plating, which possess spatially dispersed TiO2 
nanoparticle in Ni-P matrix (Figure 3.2(a)), and HVOF sprayed Fe-based AMC (Figure 3.2(b)) are 
selected. 
The electroless Ni-P plating has been widely used in assorted industrial fields where corrosion 
and wear resistance is required such as marine, heavy, automobile industries [84, 85]. Moreover, 
spatially dispersed nanoparticles are known to enhance the corrosion and wear resistance of Ni-P plating. 
By adding noble nanoparticles including oxides and carbides, electrochemical and tribological 
properties of the coating becomes better [86, 87]. TiO2 [77, 79-81, 88-94], ZrO2 [74, 95, 96], SiO2 [97], 
Al2O3 [98, 99], SiC [100-103], PTFE [75, 104], carbon based materials such as graphene [105-107] 
nanoparticles have been introduced to significantly improve corrosion and wear resistance. Among 
them, TiO2 nanoparticles exhibit excellent thermodynamic phase stability in alkaline water chemistry 
at ambient and elevated temperature. Furthermore, the spatial dispersion of TiO2 nanoparticles does not 
affect the orientation of Ni crystallites. Thus, Ni-P/TiO2 coating can be a good countermeasure for E-C. 
However, the performance of ENP in high temperature flowing water is barely investigated [108, 109]. 
And, the effect of flow on the corrosion resistance in Ni-P/TiO2 coatings is barely investigated. 
Fe-based AMC is one of the promising coating material where corrosion and erosion resistance 
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is required. The coating is usually deposited on substrates by thermal spray technique. As one of them, 
HVOF accelerates melted particle over ultrasonic velocity into substrate. Thus, HVOF sprayed Fe-
based AMC is expected to be effective against E-C since they possess excellent corrosion and wear 
resistance in corrosive environments 
 
3.2. Development of E-C Resistive Alloys 
3.2.1. Strategy to Develop E-C Resistive Alloys 
In the development of E-C resistive alloys, three criteria are considered: E-C resistance in 
terms of alloy contents, crack susceptibility, and price. E-C resistance is calculated based on Decruex’s 
relative FAC model as previously discussed in Equation 1.7 Secondly, the crack susceptibility during 
welding and reheat cracking is considered based on Nakamura’s crack susceptibility model (Equation 
2.1). Finally, the price of the alloy based on the original price of each ingot is considered. The price of 
the ingot of Fe, Cr, and Mo is considered. 
 
3.2.2. Candidate Materials 
Based on three criteria, the chemical composition of E-C resistive alloy is determined: 2.25Cr-
1Mo (FRA 1, hereafter), 3.2Cr-0.5Mo (FRA 2, hereafter), and 4.2Cr (MFRA, hereafter). The relative 
quantity of three criteria is given in Figure 3.3. Compared to commercial alloys, FRA 1 has same 
quantities, FRA 2 has decreased relative FAC rate, crack susceptibility, and price, and MFRA has similar 
FAC rate but decreased crack susceptibility and one of third price. 
 
3.3. Enhancement in Nuclear Safety and Materials Integrity of NPPs 
 The ultimate objective of this study is enhancement of nuclear safety and materials integrity 
of NPPs by adopting advanced corrosion resistive materials based on coating and alloy development. 
Recently, the safety of NPPs has been threatened by severe accident such as the Fukushima accident. 
The accident broke out due to hydrogen evolution and explosion in zirconium fuel cladding thus many 
research has been carried out to develop accident tolerant material. In other words, enhancement in 
materials integrity is directly related to the nuclear safety. Even though the Fukushima accident brings 
about huge social impacts on nuclear accident within a decade, it is important to focus on E-C since it 
continuously appears during operation of NPPs, and in some accidents lead to not only failure of 
secondary system but also human casualties. Thus, it is expected that this study will contribute to the 
integrity of secondary system, and finally materials integrity in NPPs. 
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Figure 3.1. Schematic diagram on the concept of the mitigation of E-C by the deposition of nano-
structured coatings on CS surface 
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Figure 3.2. Schematic diagrams on the CX of (a) Ni-P/TiO2 and (b) Fe-based AMC coatings for E-C 
resistance 
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Figure 3.3. Relative quantities of E-C resistive alloys in terms of single phase FAC rate, crack 
susceptibility, and price 
 
 
 
 
 
 
 
 
 
 
34 
 
 
 
 
 
 
 
Figure 3.4. Enhancement in nuclear safety and materials integrity of NPPs by the developments of 
coatings and alloys for pipelines and components of NPPs 
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IV. MATERIALS AND METHODS 
For this study, three commercial alloys were prepared as substrate or a comparison: A516 
Gr.60, A106 Gr.B and A335 P22. The chemical composition of the alloys is enlisted in Table 4.1. A516 
Gr.60 is used as a plate substrate instead of A106 Gr.B since A106 Gr.B is only manufactured in a 
seamless pipe. 
 
4.1. Preparation of the E-C Resistive Coatings 
4.1.1. Electroless Ni-P/TiO2 Coatings 
A516 Gr.60 CS with a size of 20 mm × 20 mm × 5 mm were prepared as substrates. They are 
mechanically polished by 320, 400, 600, and 800 Grit SiC papers and cleaned with acetone, ethanol, 
and DIW in ultrasonic bath. Afterwards, the substrates were degreased in 1 M NaOH and pickled in 8 
vol% H2SO4 solution for 20 s. Then, the samples were immediately immersed into the two ENP bathes, 
as listed in Table 4.2. 2 g/L of TiO2 nanoparticles (Figure 4.1) with size less than 21 nm and 1 g/L of 
sodium dodecyl sulfate (NaC12H25SO4) were added to deposit Ni-P/TiO2 coatings, and ultrasonically 
agitated using a magnetic stirrer to acquire homogenously dispersed nanoparticle suspension. To obtain 
the minimum zeta potential, the pH of the bathes were adjusted to 9 by adding drops of 1 M NaOH 
solution. After the plating, heat treatment at 400 oC in air condition was conducted for the mitigation of 
hydrogen embrittlement and the crystallization to Ni3P, and the pre-passivation. Therefore, two coatings 
were prepared: Ni-P and Ni-P/TiO2. To manufacture coated elbows (A106 Gr.B elbow), a loop system 
was constructed. To circulate plating bath into the elbow, a reservoir tank and a pump was prepared. 
The elbow is immersed in ultrasonic bath to agitate the nanoparticles. 
 
4.1.2. Fe-based AMCs 
For the experiments, Fe-based AMC was prepared by HVOF spray process. A gas atomized 
feedstock powder, SHS7574 (NanoSteel Co.), was purchased from NanoSteel. The as-purchased 
powder has a diameter of 25-40 μm (Figure 4.2). Effects of the powder size on the coating quality of 
HVOF is reported in elsewhere but due to high vaporization temperature of Fe, Cr, W, Mo, Mn, and Si, 
it is expected that the size effect would be negligible [110]. The chemical composition of the feedstock 
powder is given in Table 4.1, and the spray parameters and conditions are summarized in Table 4.3. The 
spray process was done in Castolin Eutectic. The feedstock powder was sprayed onto the samples using 
H2 as the ignition gas with 1034 kPa of O2 pressure. The distance between the gun and the substrate 
was 200 mm. Sheets of A 516 Gr.60 with dimensions of 20 mm × 20 mm × 5 mm were prepared as 
substrates, which were sequentially ground using 320, 400, 600, and 800 SiC papers; then, the substrates 
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were rinsed with acetone, ethanol, and DIW. Finally, the substrates were sandblasted with SiC powders. 
The sprayed samples were cleaned with acetone, ethanol, and DIW to remove non adherent 
contamination from the surface. 
 
4.2. Preparation of the E-C Resistive Alloys 
4.2.1. Design of Alloy Contents 
Chemical composition of the E-C resistive alloys is determined by Ducreux’s model. The Cr 
and Mo contents of P22 is 2.25Cr-1Mo and according to the model, the contents can be substituted by 
4.2Cr. Thus, the alloy contents in the E-C resistive alloys are set as shown in Table 4.1. Here, FRA 1 is 
the model alloy for P22 since the effects of other elements such as Si, Mn should be excluded during 
the corrosion experiments. FRA 2 is the model alloy to examine the effects of Cr and Mo. MFRA is the 
Mo-free alloy which substituted Mo in P22 by Cr. 
 
4.2.2. Manufacturing Process 
The manufacturing process of the E-C resistive alloys is given in Figure 4.3. Prior to the 
process, the phase diagrams of the alloys were calculated using ThermoCalc as shown in Figure 4.4. 
Regardless of chemical composition, the phase diagrams of the alloys show similar trends. The range 
of austenite stabilized temperature was approximately 850 ~ 1410 oC for all alloys. Thus, hot rolling 
and normalizing was processed in this temperature range. For manufacturing of the alloys, VAR 
methods were employed. In vacuum environments, feedstock materials (>99.9 % Fe, Cr, Mo, and C) 
were prepared (Figure 4.5(a)), and the plasma arc melted the feedstock materials (Figure 4.5 (b) and 
(c)). After furnace cooling, the manufactured ingots had a size of 100 mm in diameter and 15 mm in 
thickness (Figure 4.5. (d)). Then the ingots were hot rolled until the thickness reaches less than 3 mm 
and air cooled (Figure 4.5 (e) and (f)). The hot rolled ingots finally normalized and tempered in 970 oC 
for 30 min and 675 oC for 10 min, respectively. After the normalizing and the tempering, the ingots 
were air cooled approximately -10 oC/sec until it reaches 300 oC. The cooling temperature profiles were 
obtained and the CCT diagrams for each alloy is calculated using JMatPro as shown in Figure 4.6. The 
CCT diagrams shows that the expected microstructure of the alloy is bainite. 
 
4.3. Microstructure and Chemical Analysis 
4.3.1. Optical, Electron Microscopy and X-ray Photoelectric Spectroscopy 
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The microstructure characterizations of the materials were carried out using OM, SEM 
(Quanta 200, FEI, US) and TEM (JEM-2100F, JEOL, Japan). And the chemistry was analyzed by the 
attached EDS instruments. For the fabrication of TEM samples in size of 6 × 6 μm, dual beam FIB 
(Helios 450, FEI, US) was employed. The electron DPs from TEM images were analyzed by FFT 
analysis software (GATAN Microscopy Suite 3) and those results were compared to the credible 
references (JCPDS database). The chemical composition was analyzed along the depth profile before 
and after the erosion–corrosion testing using XPS (K-alpha, ThermoFisher Scientific, US) and 
compared with XPS database and other credible references. During the depth profiling, Ar+ ions were 
used as the sputtering source. All spectra were calibrated to the adventitious carbon peak at 284.8 eV. 
The backgrounds were subtracted based on the Shirley background. 
 
4.3.2. Synchrotron STXM and XAS 
Prior to the STXM and XAS experiments, the samples were process by dual-beam FIB in size 
of 6 × 6 μm with < 100 nm thickness. The experiments were performed at Pohang Light Source 10A 
STXM beamline. Schematic, photographs, and sample preparation procedure of the beamline are 
displayed in Figure 4.7. Spatial resolution of X-ray was 20 – 30 nm and monochromator energy range 
was 120 – 2000 eV. As shown in Figure 4.7(a), incident X-ray (with intensity, I) penetrate a central stop 
and a zone plate and eventually focused at the sample after a pin hole. Some X-ray might be absorbed 
by metallic species (i.e., Fe, Cr) then non-absorbed X-ray (with intensity, I0) was able to be detected. 
Here, optical density can be defined as log10(I0/I). By moving the sample in x- and y-axis direction (co-
axial to width and height direction of the sample, respectively), STXM images can be obtained. Figure 
4.7(b) is the photograph of the sample holder. Figure 4.7(c) is the ultra-high vacuum (UHV) chamber 
for the synchrotron X-ray experiments since soft X-ray can be easily captured by air. From STXM 
images, XAS spectrum were collected. The reference spectrum of Fe and Cr in various oxidation states 
were compared to credible references. 
 
4.4. Mechanical Properties 
The tension testing and the hardness measurement were conducted for the manufactured ingots. 
For the tension testing, the plate-type specimens were prepared according to ASTM E8/E8M – 16a. 
Strain rate was set to 0.3375 fraction/min. For the hardness measurements, 10 points were in the center 
region of the specimens based on Vickers hardness. 
 
4.5. Corrosion and Erosion Experiments 
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4.5.1. Electrochemical Experiments in Seawater 
Corrosion behavior of the material in seawater was investigated by LSV and EIS using PAR 
273A potentiostat (Princeton Applied Research, US) and Solartron 1260A impedance analyzer 
(Solartron Analytical, US). For seawater tests, 3.5 wt% NaCl solution was prepared as an electrolyte. 
Pt mesh and SCE were used as counter and reference electrodes, respectively. ECP were measured for 
1 h to obtain steady-state conditions. EIS measurements were performed over the frequency range from 
10-2 to 106 Hz with a DC potential of 0 V versus the ECP and the AC amplitude was set to 10 mV. 
Fittings of the Nyquist and Bode plots were performed using Z-view®. The best-fit model parameters 
were found based on a trial-and-error approach and verified through chi-square statistics. LSV curves 
were measured, with a scan rate was set to 0.5 mV/s and the Tafel’s plots were fitted using CorrWare®. 
 
4.5.2. Water Chemistry Control System 
For the following experiments under thermal-hydraulic conditions, a recirculation loop system 
was prepared as shown in Figure 4.8. The loop has of the reservoir water tanks, the feed water system 
and high-pressure pumps, the water chemistry sensors (DO, pH, and in-let and out-let conductivity), 
the autoclave, the condensers, and the ion exchanger. As solution, ETA solution with pH 9.3 was 
prepared to simulate secondary water chemistry. The design temperature of the system was maximum 
250 oC. Pressure was controlled by the high-pressure pumps recirculating the water in 4 L/hr of flow 
rate. The water chemistries parameters were controlled by following system: high-purity Ar 
continuously supplied and purged the water to eliminate DO in the water (< 1 ppb); the pH sensor was 
interlocked to chemical injection pumps so if pH25 dropped under 9.3, high-pH (150 ppm ETA solution) 
water was injected into the system until it reached pH25 9.3. Corrosion products were demineralized by 
an ion-exchanger. The test conditions for the high-temperature and pressure experiments are enlisted in 
Table 4.4. 
 
4.5.3. Electrochemical Experiments in High-temperature and Pressure Water 
Corrosion behavior of the materials in high-temperature water were also investigated LSV and 
EIS. Ar-saturated 15 ppm ETA solution was prepared in the electrochemical system as shown in Figure 
4.9. During experiments, the temperature, pressure, pH, and DO concentration were maintained at 125, 
150, 175 oC, 80 bar, 9.3±0.2, and < 1 ppb, respectively. In the corrosion test cell, a three-electrode 
system was installed with 0.1 M KCl-filled Ag/AgCl electrode and a Pt mesh, which are the reference 
and counter electrodes, respectively. The reference potential of the electrode were calculated with the 
following equation [111]: 
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𝐸𝐴𝑔 𝐴𝑔𝐶𝑙⁄  (𝑚𝑉 𝑣𝑠 𝑆𝐻𝐸)) = 288 + 3.0 × 10
−6Δ𝑇3 − 2.40 × 10−3Δ𝑇2 − 0.749Δ𝑇      (4.1) 
 
where EAg/AgCl is the reference potential of the reference electrode against SHE and ΔT is the difference 
between target temperature and room-temperature. Working electrodes were electrically insulated with 
a PTFE stage and the contact area was ca. 0.384 cm2. ECP were measured for 2 h to obtain steady-state 
conditions. EIS measurements were performed over the frequency range from 10-2 to 106 Hz with a DC 
potential of 0 V versus the ECP and the AC amplitude was set to 10 mV. Fittings of the Nyquist and 
Bode plots were performed using Z-view®. The best-fit model parameters were found based on a trial-
and-error approach and verified through chi-square statistics. LSV curves were measured, with a scan 
rate was set to 0.5 mV/s and the Tafel’s plots were fitted using CorrWare®. 
 
4.5.4. FAC Simulation Experiments 
FAC simulation was conducted in a rotating cage system as shown in Figure 4.10. The samples 
were installed at the rotating cage which is co-axially fixed to the shaft of the magnedrive. The cage 
was rotated at 1500 RPM which could be converted to approximately 5 m/s of flow velocity. The tested 
samples were sequentially cleaned by acetone, ethanol, and DIW in ultrasonic bath to detach corrosion 
products, then weight changes were recorded using a balance. The average and standard deviation was 
calculated based on 4 samples per kind. 
 
4.5.5. FAC Experiments 
 FAC experiments for 90-degree elbows, made of A106 Gr.B and A335 P22, were conducted 
in the loop system as shown in Figure 4.11. The system, located at FNC Technology Co., Ltd., is 
composed of the two sets of the high-pressure pumps, the feed pump, the reservoir water tanks, and the 
water chemistry sensors. The temperature of the test sections was set to 150 oC, and the water chemistry 
of the system was: pH25 = 9.3, DO concentration < 1 ppb. Temperature was controlled by a set of heaters, 
and pH was controlled by ETA. The thickness of the samples was measured by UT (PT-878, General 
Electric, US) with attached dual elements transducer. The measuring error was 5 % and frequency was 
1 – 20 MHz, which is typically used for pipe thickness measurement. 
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Table 4.1. Chemical composition of the commercial alloys and Fe-based materials 
Materials 
Chemical Composition (wt.%) 
Fe Cr Mo Cu Ni W Mn Al Si Nb Ti V B C P S 
A516 Gr.60 Bal. 0.3 0.08 0.3 0.3  0.95 0.02 0.4 0.01 0.03 0.02  0.18 0.015 0.008 
A106 Gr.B Bal. 0.4 0.15 0.4 0.4  1.06  0.1   0.08  0.3 0.035 0.035 
A335 P22 Bal. 2.25 1    0.3  0.5      0.025 0.025 
Fe-based 
AMC 
Bal. 18 14   6 2  1    3    
FRA 1 Bal. 2.25 1           0.1   
FRA 2 Bal. 3.2 0.5           0.1   
MFRA Bal. 4.2            0.1   
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Table 4.2. Chemical composition of the plating bathes and parameters [55] 
Chemical or Parameters Quantity Unit Note 
NiSO4·6H2O 32.5 g/L Nickel source 
NaH2PO2·H2O 26 g/L Reducing agent 
Na3C6H5O7·2H2O 13 g/L Complexing agent 
H2NCH2COOH 32.5 g/L Brightening agent 
(NH4)2SO4 35 g/L pH buffer 
Anatase TiO2 0 2 g/L Nanoparticles 
NaC12H25SO4 0 1 g/L Anionic surfactant 
pH 9   
Temperature 80 oC  
Agitation 300, 2 RPM, hr  
Time of plating 2 Hr  
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Table 4.3. Spraying parameters and condition of the HVOF process 
Parameters (Unit) Condition 
Air Pressure (kPa) 620 
O2 Pressure (kPa) 1034 
LPG Pressure (kPa) 655 
Powder Velocity (kPa) 255 
Gun-Sample Distance (mm) 200 
Powder Transport Gas N2 
Ignition Gas H2 
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Table 4.4. Test conditions, methods, samples of E-C experiments 
Tests Methods Samples 
Tempera
ture (
o
C) 
pH
25
 
Test  
Duratio
n 
Electrochemical 
Experiments 
LSV, EIS 
CS 
125, 150, 
175 
9.3 
(ETA 
Injection) 
2 hr Ni-P 
Ni-P/TiO
2
 
FAC Simulation 
Experiments 
Rotating Cage 
Corrosion 
(v = 5 m/sec) 
CS 
125, 150, 
175, 200 
9.3 
(ETA 
Injection) 
14 days 
P22 150 
Ni-P 
125, 150, 
175, 200 
Ni-P/TiO
2
 
125, 150, 
175, 200 
Fe-based AMC 
125, 150, 
175, 200 
FRA 1 150 
FRA 2 150 
MFRA 150 
FAC 
Experiments 
2’’ Elbow Pipe 
(R = 150mm,  
v = 5.7 m/sec) 
CS 150 
9.3 
(ETA 
Injection) 
30 days 
P22 150 
Ni-P/TiO
2
 150 
Fe-based AMC 150 
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Figure 4.1. TEM morphology of TiO2 nanoparticles dispersed in ethanol solution 
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Figure 4.2. SEM powder morphology of Fe-based AMC feedstock powder 
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Figure 4.3. Manufacturing process of the E-C resistive alloys and parameters 
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Figure 4.4. Phase diagram of (a) FRA 1, (b) FRA 2, and (c) MFRA for the determination of hot rolling 
and heat-treatment conditions constructed by ThermoCalc 
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Figure 4.5. Photography of the manufacturing process: (a) prepared feedstock metals on Cu crucible, 
(b) morphology of arc, (c) a melted and (d) a manufactured ingot, (e) hot rolling process, and (f) hot 
rolled plate] 
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Figure 4.6. CCT diagrams and measured cooling rate of the alloys: (a) FRA 1, (b) FRA 2, and (c) 
MFRA 
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Figure 4.7. (a) Schematic diagram of the experimental parts of the PLS 10A STXM beamline and 
photography of (b) installed sample and (c) UHV chamber for STXM and XAS experiments 
 
 
 
 
 
51 
 
 
 
 
 
 
 
Figure 4.8. Schematic diagram of the water chemistry control system, test chambers, and specification 
for FAC simulation and LDIE simulation tests. 
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Figure 4.9. Photography and schematic diagram of three-electrode system for high-temperature and 
pressure condition 
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Figure 4.10. FAC Simulation autoclave system with a magne-drive, a shaft, and a sample cage 
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Figure 4.11. FAC tests facilities for the performance evaluation of the coated CS elbows: (a) overall 
photography, (b) installed coated 2’’ CS and LAS elbows with radius 150mm, and (d) UT position 
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V. RESULTS AND DISCUSSION 
5.1. Performance of the E-C Resistive Coatings 
5.1.1. Microstructure and Chemical Analysis 
Microstructure characterization using SEM surface, TEM CX morphologies, and EDS results 
of Ni-P and Ni-P/TiO2 coatings are displayed in Figure 5.1. The surface morphologies of the coatings 
reveals homogeneity without any porosity and cracking. This indicates that the plating parameters are 
well optimized for both coatings. As shown in Figure 5.1(a), microstructure of Ni-P coating is composed 
of multiple Ni-P clusters with a size of approximately 5 μm. TEM CX morphologies confirms the 
presence of thin NiO film at the surface, which is formed during the heat treatment procedure. On the 
other hand, the morphology of Ni-P/TiO2 coating is distinguishable from Ni-P coating. While Ni-P 
coating possess relatively regular shape and size of Ni-P grains, Ni-P/TiO2 has 1–8 μm size grains 
(Figure 5.1(b)). This is originated from that TiO2 nanoparticles probably provided the nucleation site 
for Ni2+ during the plating process [112]. Like to Ni-P, Ni-P/TiO2 also possess thin NiO film at the 
surface which is formed during the heat treatment. The chemistry of TiO2 nanoparticles is confirmed by 
electron DP, that d-spacing equal to 0.352 and 0.189 nm which mall matches with JCPDS reference 
data. Furthermore, the heat treatment also induces the segregation of P into the cluster boundaries 
according to Hentschel [113] and Hur [114]. When the concentration of P exceeds a certain amount, 
BCT Ni3P is formed. 
 SEM morphologies of Fe-based AMC is illustrated in Figure 5.2. In Figure 5.2(a), the 
feedstock powder has a homogenous size (25–40 μm) distribution of in spherical shape. Figure 5.2 (b), 
(c) reveal the surface and CX morphologies, respectively. The surface morphology reveals some 
roughness with a collection of splats. The higher magnification image of the surface in Figure 5.2 (b) 
shows that the surface consists of both flat and pit regions. In the cross-sectional morphologies, a 
compact coating layer approximately 350 μm thick is deposited. Furthermore, large and small pores are 
observed. The large pores located between flattened droplets are mainly caused by the loosely packed 
layer structure or the gas porosity phenomenon, while the small pores are attributed to shrinkage 
porosity, as displayed in Figure 5.2 (d) [68-70, 115]. Yellow arrows indicate small pores, and white 
arrows indicate large pores, which appear between droplets near the surface. In Figure 5.2(e), the 
chemical composition of the coating is displayed as marked in Figure 5.2(c). The amorphous coating 
layer approximately 320 μm thick can be verified with a homogenous chemical composition without 
exhibiting unexpected second phases. The cross-sectional morphology of the coating agrees well with 
observations in other studies [68-70, 115]. 
Figure 5.3 shows the TEM images and an electron-diffraction pattern image of the coating 
layer. In Figure 5.3(a) and (b), a boundary of an amorphous and nanocrystalline phase region can be 
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distinguished. Nanocrystalline structures are known to form during the rapid heating and quenching 
process of the feedstock powder [115]. The nanocrystalline phases exhibit the forms of both polygons 
and particles, as shown in Figure 5.3(a). The halo-ring pattern is assigned to the amorphous matrix layer, 
while the electron DP reveals that it consists of various oxides, carbides, and borides such as Fe2C, 
Cr7C3, M23C6, Cr2B, and some other oxides that are known as to be formed by self-annealing and/or 
adiabatic re-coalescence in the deposited layers [115]. In this investigation, the nanocrystalline phase 
was identified as Cr7C3 according to the electron DP. 
The XPS spectra of the as-sprayed coatings are displayed in Figure 5.4 with the alloy elements 
Fe, Cr, and Mo. The spectra are listed from bottom to top with sputtering times of 0, 20, 330, 660, 1000, 
2000, 3000, 4000, 5000, and 6000 secs, respectively. The reference spectrum of each element is 
extracted from credible references and the NIST XPS database. For Fe (Figure 5.4 (a)), the peak of 
Fe2O3 (709.8 eV) is present until the sputtering time reaches 660 s. Analogous to that of Fe, the Cr peak 
(574.2 eV) is dominant after 1000 s, while the Cr2O3 peak (576.8 eV) is present until 660 s (Figure 
5.1.1.4(b)). It is known that un-sputtered Cr2O3 exhibits a sharp structure, which is directly located on 
the right side of the Cr2p3/2 peak but it is not observable since the intensity of Cr is low. For Mo (Figure 
5.1.1.4 (c)), no peaks representative of oxides are present. The intensities increase as the sputtering time 
increases but become saturated after 1000 s. 
In summary, the microstructure characterization reveals that the as-sprayed coating exhibits an 
amorphous alloy matrix, nanocrystalline phases such as Fe2C, Cr7C3, M23C6, Cr2B, and a native oxide 
film on the surface that mainly consist of Fe2O3 and Cr2O3. 
 
5.1.2. Electrochemical Properties in Seawater 
LSV curves of CS, Ni-P, and Ni-P/TiO2 and their fitting parameters based on the Tafel fitting 
were shown in Figure 5.5 and Table 5.1. Figure 5.5 gives that the coated samples have a higher corrosion 
potential (E0) as well as low exchange current density (I0), and thus they are much nobler in oxidizing 
or aggressive environments when compared to CS. Effects of TiO2 can be clarified by comparing the 
curves of Ni-P and Ni-P/TiO2. Moreover, Ranganatha and Abdel Aal explained the role of TiO2 
nanoparticles as a corrosion inhibitor through two mechanisms [91, 92]: Firstly, TiO2 nanoparticles act 
as a physical barrier to prevent localized corrosion at the surface of the Ni coating layer. As shown in 
Figure 5.1, numerous cluster boundaries are observed in surface morphologies, which are a potential 
pathway for electrolyte penetration. In this context, the nanoparticles can efficiently suppress the 
localized corrosion in cluster boundaries or defects. Secondly, TiO2 acts as a cathode, while Ni acts as 
an anode because the corrosion potential of TiO2 is notably more positive than that of Ni, so the passivity 
of Ni-P alloys are reinforced. Moreover, reinforcement of Ni-P matrix by the spatial dispersion 
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nanoparticles induces greater hardness. Novakovic reported that for low concentration of TiO2 
nanoparticle in bath (< 2 g/L) induces higher hardness by incorporation of Ni and Ni3P matrix with TiO2 
nanoparticles [81]. In other words, the fine nanoparticles enhances the integrity of the coating by 
hindering the movement of dislocation. 
From the microstructure analysis result, equivalent circuit models for CS and the coatings have 
been established as shown in Figure 5.6. Traditionally, metals and alloys exhibit Randle’s circuit model 
(Figure 5.6(a)). This model composed of solution resistance (Rs), charge transfer resistance (Rct), and 
double layer constant phase element (CPEdl). For an ideally flat surface (i.e., polished metals), CPEdl 
has usually n=1 where n is exponent value. In contrast, the Lyons and Brandon’s model (Figure 5.6(b)) 
has been adopted for the heat-treated coatings because there is pre-oxidized NiO layer exist at the 
topmost surfaces. This model composed of Rs, pore resistance (Rpo), and oxide capacitance (CPEc). 
CPEc is related to the capacitance of a top oxide coating. The impedance of CPE (ZCPE) can be given as 
follows: 
 
ZCPE =
1
−Q(iω)𝑛
                      (5.1) 
 
where Q is the constant independent of the frequency relating to each capacitor, i is the imaginary 
number, ω is the angular frequency. The AC responses of the coatings are displayed in Figure 5.7 and 
the fitting parameters are enlisted in Table 5.2. The Rs values of the AC responses were approximately 
15 Ω∙cm2 which is a typical value for 3.5 wt.% NaCl solution. The diameters of semi-circles of the plots 
approximately gives that the corrosion resistivity of the materials can be enlisted as follows: Ni-P/TiO2, 
Ni-P, and CS. This signifies the nanoparticles make the coating resist Cl- containing solution. In addition, 
Cdl of the samples are given as 59.3, 0.876, and 1.28 μF/cm2 for CS, Ni-P and Ni-P/TiO2, respectively. 
This implies that the metallic parts of the coatings or the substrates, i.e., Ni-P or Fe, are comparatively 
less exposed to the solution. Two semi-circle region in Ni-P and Ni-P/TiO2 indicates the presence of 
NiO; the electrochemical properties of NiO/electrolyte and Ni-P/electrolyte are revealed. The data point 
at the lowest frequency gives the instructive information on the electrochemical stability of Ni-P/TiO2 
which is at least one-order higher than that of Ni-P. Thus, compared to the CS, Ni-P and Ni-P/TiO2 
behaves as a capacitor, which inhibits the penetration of electrolytes and aggressive ions more 
efficiently with good coating quality. The corrosion resistance of Ni-P and Ni-P/TiO2 is 15 and 150 
times higher, respectively, than that of CS indicating that the anodic polarization is efficiently 
suppressed. This indicates a low Cdl, and the electron accumulation at the metal/electrolyte interface is 
inhibited leading to surface activation. Additionally, the exponent of CPEdl, ndl, for the coatings is closed 
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to 1 while that of the as-polished sample is 0.782 indicating capacitor behavior of the coatings. The 
presence of TiO2 leads to high Rct, low Cdl and ndl close to 1 compared to CS and Ni-P. Effects of heat 
treatment on the EIS results are caused by the formation of crystalline Ni and Ni3P and mainly the oxide 
layer at the surface. This can be explained by the role of TiO2 during corrosion process, which is 
previously discussed [91, 92] as shown in Figure 5.8. In Figure 5.8(a), boundaries of Ni-P clusters play 
a role as electrolyte penetration path. However, TiO2 nanoparticles are spatially dispersed in Ni-P matrix, 
the structure of matrix is randomly oriented and TiO2 obstruct the penetration of the electrolyte as shown 
in Figure 5.8(b). 
Corrosion behavior in seawater of Fe-based AMC is displayed in Figure 5.9. The LSV curves 
of CS and Fe-based AMC are compared. Compared to that of CS, E0 of Fe-based AMC is shifted to 
more positive direction and the i0 is shift to large value. This is because Fe-based AMC is susceptible 
to corrosion in seawater since it has much wider surface area than CS. Similar trend is observable in 
EIS results, shown in Figure 5.10. Equivalent circuit model for CS and Fe-based AMC is Randle’s 
circuit model since interface structure of both alloys are simple metal/electrolyte interface. In similar, 
those of LSV curves, the corrosion resistance of Fe-based AMC is less than that of CS because of large 
surface area according to the diameter of the semi-circles. As shown in Figure 5.11, Rct of Fe-based 
AMC is less than that of CS (Figure 5.11(a)) meaning oxidation of metallic species in Fe-based AMC 
is activated in this electrolyte. Larger Cdl indicates the surface area of Fe-based AMC. Also, relatively 
low ndl is due to intrinsic surface roughness and defects. Therefore, in terms of electrochemical 
properties, Fe-based AMC is not effective for corrosive environment such as seawater environments. 
Zheng’s study on erosion behavior of 304 SS and Fe-based AMC also shows that Fe-based AMC is 
much corrosive in static NaCl solution [68]. However, Fe-based AMC is usually used in erosion 
environments or high-temperature conditions. Thus, its performance in high-temperature condition will 
be evaluated in the following sections. 
 
5.1.3. Electrochemical Properties in High-temperature and Pressure Water 
In the previous sections, the effects of TiO2 nanoparticles on the corrosion behavior of CS, Ni-
P and Ni-P/TiO2 in seawater was discussed in agreement with the microstructure characterization and 
the other previous works. Now, the performance of Ni-P and Ni-P/TiO2 as an anti-corrosion barrier for 
CSs which are extremely susceptible to corrosion in alkaline water at 125, 150, and 175 oC will be 
demonstrated. 
LSV curves of the samples at elevated temperature are plotted as shown in Figure 5.12 and the 
best-fit parameters and those results Table 5.3. At 125 oC, E0 of the samples can be enlisted as CS < Ni-
P < Ni-P/TiO2. This indicates that the coatings show noble state and this effect is stimulated by TiO2 
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nanoparticles (Figure 5.12(a)). As E0 shifts to positive direction, I0 decreases meaning that Ni-P/TiO2 is 
the most corrosion resistive in these environments. Polarization resistance (Rp) values show that the 
corrosion resistance of Ni-P/TiO2 coating is 8 and 4 times higher than those of CS and Ni-P. Similar 
trend is observable at 150 oC. The coatings have positive E0 and low I0 meaning that they are effectively 
suppress corrosion where FAC is favored. In this condition, the corrosion rate of Ni-P/TiO2 is 80 and 3 
times lower than the others according to Rp. Thus, it can be concluded that at 150 oC, Ni-P/TiO2 can be 
an adequate countermeasure. However, at 175 oC, E0 of the samples is almost same and I0 of CS, Ni-P, 
and Ni-P/TiO2 show not much difference. And, I0 of Ni-P is less than Ni-P/TiO2 meaning the effect of 
spatially dispersed TiO2 is diminished. This indicates that at the temperature 175 oC, the predominant 
electrode kinetic becomes diffusion controlled rather than activation controlled. The metal loss or 
corrosion rate of CS and the coatings is displayed in Figure 5.13. In this graph, it can be observed that 
the corrosion rate of the metals are dominated by i0 at 125 and 150 oC but by ilim at 175 oC. And, 
according to the corrosion rate of Ni-P and Ni-P/TiO2, TiO2 induces negative effect on corrosion at 125 
and 150 oC. This is due to TiO2 induces galvanic corrosion for Ni-P matrix in the early stage of corrosion. 
The equivalent circuit models of CS, Ni-P, and Ni-P/TiO2 under high-temperature condition is 
established as previously shown in Figure 5.6 and the AC responses of the samples under 10 mV 
perturbation are displayed in different temperature: 125 (Figure 5.14), 150 (Figure 5.15), and Figure 
(5.C). The best-fit fitting parameters are listed in Table 5.4. All of the samples consist of two semi-circle 
regions likewise to the corrosion behavior in seawater. At 125 oC (Figure 5.14), the diffusion behavior 
is not observable so only semi-circle regions appears in all frequency ranges. The Rpo + Rct of CS, Ni-
P and Ni-P/TiO2 are 0.181, 1.485 and 1.554 kΩ·cm2, respectively, indicating that Ni-P/TiO2 is much 
corrosion resistive in this temperature. Likewise, the CPEdl of Ni-P/TiO2 is smaller than Ni-P. And, there 
was no significant difference at CPEC for two coatings. In the Bode plots (Figure 5.14(b)), it can be 
seen that the bulk resistance of Ni-P is higher than that of CS and Ni-P/TiO2. In the Bode phase plots, 
it can be seen that the Warburg modulus which appears to be 45o line in the Nyquist plot is not 
observable thus the electrode kinetics in this temperature is activation controlled. Furthermore, in 150 
oC (Figure 5.15), the corrosion resistance of CS, Ni-P and Ni-P/TiO2 is 0.114, 1.100, and 1.884 kΩ·cm2. 
This is in a good agreement with general information on corrosion behavior of CS. In addition, the 
Warburg elements appears for Ni/NiO implying the diffusion of electroactive species according to 
Figure 5.15(c). The system where the mass transport is dominant is irreversible so it means the 
destructive electrochemical reaction is observable at Ni-P surface. Contrarily, Ni-P/TiO2 remains as a 
catalyst. However, Figure 5.15(c) denotes that the both catalyst is under the primarily influenced by the 
mass transport rather than the charge transfer while CS keeps its electrochemical properties. Figure 5.16 
delivers that the electrocatalytic activity of Ni-P/TiO2 is faded away. In this manner, the loss of 
electrocatalytic activity of Ni-P/TiO2 is mainly caused by mass transport rather than electrode kinetics 
so the process is irreversible according to Figure 5.16(b) and Figure 5.16(c). 
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5.1.4. Performance in FAC Simulation Condition 
To evaluate FAC behavior of CS and LAS, after the FAC simulation experiments at 150 oC, 
weight loss of CS (A516 Gr.60) and LAS (A335 P22) was measured and surface morphologies were 
analyzed by SEM as shown in Figure 5.17. Generally, 150 oC is known as FAC favored temperature 
due to synergetic effects of Fe3O4 solubility and mass transport of soluble species [2-5]. As shown in 
Figure 5.17(a), CS exhibits approximately 4 times higher weight loss compared to P22 indicating Cr 
and Mo enhance passivity in the high-temperature flowing water condition. Figure 5.17(b) gives surface 
morphology of CS. The surface is covered spinel-like oxide with composition of approximately 96 wt.% 
Fe and 4 wt.% O. Likewise to CS, P22 also exhibits surface, which is covered by spinel-like oxide 
(Figure 5.17(c)). And, 2-3 wt.% Cr and 1 wt.% Mo are observable which is in good agreement with that 
of substrate. Thus, it is hard to find their differences in surface morphology according to the SEM 
images. 
Figure 5.18 illustrates CX morphologies and EDS analysis results of CS and P22 after the test. 
In case of CS, approximately 200 nm thickness oxide is formed, and the oxide has porosity. It is 
generally known that the oxide layer formed on CS where FAC favored condition is Fe3O4 which can 
be also confirmed by EDS results. In case of P22, two oxide layer structure appears. The structure of 
the outer oxide is polyhedral and that of the inner oxide is compact and uniform. According to EDS, the 
chemical composition of the outer oxide is estimated as Fe3O4, and enrichment of Cr is observable for 
the inner oxide. For the detailed chemical analysis, STXM and XAS is employed. 
STXM images and XAS spectrum of CS and P22 on Fe L-edge energy range are displayed in 
Figure 5.19. In Figure 5.19(a), STXM morphology of CS is displayed. Number indicate XAS analysis 
points in the following figure. At the region 1, the oxide layer is visible. In case of P22 (Figure 5.19(b)), 
it exhibits two oxide layers: spinel as topmost oxide and relatively compact oxide below it. As shown 
in Figure 5.19(c), for each region, XAS spectrum is constructed. The spectrum were compared to the 
reference Fe2O3 and Fe3O4 spectrum [6]. Generally, the Fe L3-edge for oxides exhibit a double peak 
structure. For Fe2+ the first peak of the double is higher than the second peak while for Fe3+ the second 
peak of the double is higher than the first peak [116, 117]. For L2-edge, Fe2+ exhibits three peaks while 
Fe3+ exhibits two peaks. Fe3O4 is an inverse spinel with all Fe2+ occupying the octahedral sites, half of 
the Fe3+ occupying the tetrahedral and the remaining Fe3+ occupying octahedral sites thus is composed 
of 1/3 Fe2+ - 2/3 Fe3+ [118]. Therefore, its L3-edge is more like that of an Fe3+ species. In region 1, both 
CS and P22 possess more intense second peak (at ca. 708.8 eV) than first peak (at ca. 709.8 eV). And, 
in L2-edge, only two peaks appear meaning Fe3+ is dominant. However, their spectrum is not correctly 
well-matched with the reference Fe2O3 spectrum. Early conjecture is that the passive oxide is mixture 
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of Fe oxides such as Fe2O3, Fe3O4, and FeO rather single phase oxide even for CS. In addition, 
hydroxide shoulder (at ca. 711.2 eV) is observable only for CS. Similar tendency is observable for 
region 2. From the shape and the intensity of peaks at L3- and L2-edges, oxidation state is Fe3+ rather 
than Fe2+ but the shape of the spectrum does not match the reference Fe2O3, either. Like the topmost 
oxide, the bulk oxide also is composed of various oxides. The hydroxide shoulder is also found for CS 
indicating the oxide layer is not compact and protective.  
Here, the intensity ratio of two peaks of L3-edge of Fe is quantified. Since the first peak of L3-
edge is predominated by Fe3+ ions, the intensity ratio of first peak to second peak can be interpreted as 
indirect indication of the chemical composition of oxidation state. For CS, the ratio is 0.892 while that 
of P22 is 0.905 in the region 1 (spinel region). This indicates that the spinel of P22 contains more Fe3+ 
ions in its oxide [116]. Thus it can be concluded that P22 contains more Fe2O3 in the spinel region. 
However, in the region 2 (oxide layer region), the intensity ratio of CS is 0.949 and that of P22 is 0.950. 
That is, the chemical composition of Fe2+ ions increase along with depth. Since the dissolution of Fe3O4 
is much severe than Fe2O3, it can be concluded that the surface of P22 undergoes severe dissolution of 
Fe3O4 but it does not critical affects the metal loss. This also explains why the hydroxide shoulder only 
appears for CS in the XAS spectrum since the dissolution process of Fe3O4 is closely related to the 
hydroxide formation. In region 3 and 4, metallic Fe spectrum appears for both alloys. 
A STXM image and XAS spectrum of P22 on Cr L-edge energy range are displayed in Figure 
5.20. Unlike to the Fe L-edge images and spectrum, those of Cr L-edge exhibits low resolution (for 
Figure 4a) and signal-to-noise ratio (for Figure 4b) due to chemical composition of alloy (ca. 2.25 wt.%). 
Therefore, it was arduous to differentiate region 1, 2, 3, 4 and pick up peaks. Instead, oxide layer and 
substrate region is picked for the XAS analysis. In the oxide region, two peaks appear at both L3- and 
L2-edge energy range while, in substrate region, single peak appears. The spectra of reference Cr2O3 
presents a richer structure, with shoulders and unresolved multiplets. And, that of metallic Cr presents 
rather smooth, broad features with an asymmetric tail towards higher photon energy [119]. Even though 
signal-to-noise ratio of the spectrum is quiet low, it is understandable that Cr exists as Cr3+ states in both 
topmost and bulk oxide regions i.e., Cr2O3. Subramanian’s work on FAC behavior of carbon steels and 
low alloy steels suggested that Cr was not observable on 2.25Cr-1Mo [118]. In our study, however, Cr 
exists in the passive oxide layer in form of Cr2O3. Nevertheless, enrichment of Cr and formation of 
Cr2O3 layer was not observable. 
Corrosion rate of CS, Ni-P, and Ni-P/TiO2 with temperature variation is compared in Figure 
5.21. In Figure 5.21(a), the instructive information is achievable: firstly, CS is severely corroded at 
temperature 150 oC and secondary, the corrosion resistance of the coatings especially Ni-P/TiO2 is the 
most effective at 150 oC. The corrosion rate of Ni-P and Ni-P/TiO2 coating show huge difference at 150 
oC. It seems the corrosion rate of Ni-P follows a bell-shaped curve likewise to CS. In short, the spatial 
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dispersion of TiO2 into Ni-P coating is not functional at 125 and 175 oC. This tendency is more clearly 
observable in Figure 5.21(b), which shows a corrosion rate without that of CS. The formation of Fe3O4 
and NiO induces the slight weight gain at 125 oC because the test was performed in an oxidizing 
condition. Thus, adherent oxides may be formed at the surface of CS and the coatings. 
Figure 5.22 illustrates the microstructure evolution for the surfaces of CS, Ni-P, and Ni-P/TiO2 
using SEM. Figures 5.20(a), (b), and (c) gives the surface morphologies CS at 125 oC, 150 oC, and 175 
oC, respectively. From the chemical analysis, wt.% on overall surface gives that the formed oxide is 
Fe3O4 according to the EDS analysis. At 125 and 150 oC, thick flim-like oxide is formed but at 175 oC 
it is not observable indicating the reinforcement of passivity. Surface morphologies of the Ni-P after the 
tests are given in Figures 5.20(d), (e), and (f) at 125 oC, 150 oC, and 175 oC, consecutively. It can be 
confirmed that surface morphologies after exposure to 125 oC (Figure 5.22(d)) and 175 oC (Figure 
5.22(f)) keeps similarity with the as-plated coating. However, severe peeling of the top surface is 
observable when the coating is exposed to 150 oC (Figure 5.22(e)). As previously discussed in Figure 
5.21(b), Ni-P shows severe weight loss compared to Ni-P/TiO2 coating at 150 oC. The major portion of 
this weight loses is originated from the detachment of the top surface especially NiO. Furthermore, the 
region where the detachment occurs has porous structures, which means alloy elements are dissolved 
into the bulk water during the test. In other hands, Ni-P/TiO2 does not represent detachment during the 
tests (Figures 5.20(g), (h), and (i)), indicating that the nanoparticles play a substation role in the test 
conditions. As with Ni-P, the microstructures after the 125 oC (Figure 5.22(g)) and 175 oC (Figure 
5.22(i)) tests have a similarity. At both 125 and 175 oC. microstructure of Ni-P/TiO2 coating show 
similarity with that of the as-plated sate. While Ni-P shows the detachment of the oxide film at 150 oC, 
the surface detachment of NiO is not observable in Figure 5.22(h). This indicates that the spatial 
dispersion of TiO2 nanoparticles in Ni-P matrix enhances passivity. 
Figure 5.23 gives the TEM CX morphologies of the coatings after the tests at 150 oC. Figure 
5.23(a) displays the STEM morphologies and the corresponding chemical elements mapping data for 
CX view of the region where NiO is not detached for Ni-P coating. Underneath the NiO layer, small 
porosity is observable. EDS mapping confirms that Ni is depleted at this region. The top NiO region 
does not reveal any degradation process. Thus, it can be concluded that the dissolution of Ni into Ni2+ 
ions or destructive electrochemical reaction including hydrolysis occurs at the interfaces. Thus, it can 
be assumed that NiO is detached owing to the formation of a porous structure at the interface. Figure 
5.23(b) clearly shows that there is severe dissolution Ni species into bulk water then, finally, NiO is 
detached from the surface. Thus, this mechanism is originated from the water penetration into the 
microchannels of NiO, and at the metal/oxide water interface, metallic Ni transformed into soluble 
species (e.g., Ni2+ or Ni(OH)2). This enables the formation of porous structure between NiO and Ni-P 
matrix eventually losing chemical bonding. Contrarily, the heterostructure of Ni-P/TiO2 maintains its 
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passivity after the immersion, as shown in Figure 5.23(c). Ni-depleted zone does not appear according 
to EDS mapping images on Ni and O. This is due to the electrochemical property of TiO2 and Ni-P 
coupling as previously discussed in the previous sections. 
The corrosion behavior of CS is well-known based on the electrochemistry and hydrolysis of 
Fe3O4. Corrosion of CS at the elevate temperature without DO and other oxidizing agents is known as 
follows which is attributed from two simultaneous reaction [6]:  
 
Fe + 2H2O → Fe(OH)2 + H2             (5.2) 
3Fe(OH)2 → Fe3O4 + H2 + 2H2O               (5.3) 
 
Sweeton and Bae studied the dissolution of Fe3O4 into flowing bulk water in HCl and KOH 
condition between 50 oC to 300 oC with H2 at 1 atm at 25 oC. The dissolution process is known as 
follows [7]: 
 
1 3⁄ Fe3O4 + (2 − b)H
+ + 1 3⁄ H2 → Fe(OH)b
(2−b)+ + (4 3⁄ − b)H2O              (5.4) 
 
where, b = 0, 1, 2, and 3. Furthermore, Dooley suggested the corrosion behavior of CS in simulated 
NPPs chemistry with the equilibrium between soluble species and Fe hydroxides as follows [120]: 
 
Fe → Fe2 + 2e−                      (5.5) 
2H2O + 2e
− → 2OH− + H2             (5.6) 
Fe2 + nOH− ↔ Fe(OH)𝑛
2−n             (5.7) 
 
where, b = 0, 1, 2. The corrosion rate of CS is generally dominated by Equation 5.5 and 5.6 and the rate 
of reaction increases rapidly as temperature approaches to 175 oC. Thus, enhancement of passivity 
occurs as temperature increases. This induces the formation of film-like oxide at 175 oC. In addition, 
Equation 5.4 gives a common description of the formation of porous Fe3O4 layer on CS due to 
hydrolysis. Thus, it the bell-shaped curves where the peak is 150 oC is induced from the synergetic 
effects of electrochemical reaction of Fe species and mass transport since the mass transport of 
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hydroxide species is controlled by temperature above 150 oC. 
 For the bell-shaped curve of Fe species, the electrode kinetics at the elevated temperature 
should be discussed. When there is a concentration difference between bulk and surface electrolyte, the 
electrode kinetics can be described as follows: 
 
i = i0 (1 −
i
ilim
) exp [−
(1−𝛼)𝑛𝐹
𝑅𝑇
(E − Erev)]           (5.8) 
 
where i is the current density of the system, i0 is the exchange current density, ilim is the limiting current 
density, α is the unitless change transfer number (usually, 0.5), n is the charge on the ion, F is the Faraday 
constant, E is the driving force for the reaction, and Erev is the reversible potential. ilim can be defined as 
follows: 
 
ilim = −
nFDcb
d
              (5.9) 
 
where D is the diffusion coefficient, cb is the ion concentration in the bulk electrolyte, and d is the 
diffusion layer thickness. Since the ilim is predominated by the diffusion coefficient, it can be concluded 
that at the certain temperature above (usually 150 oC), the dominant kinetic of Fe corrosion become 
diffusion controlled. In contrast, at the certain temperature below, due to the dissolution of Fe species, 
the kinetic will be activation controlled. In the flowing electrolyte, ilim can be redefined as follows [121]: 
 
ilim = 0.0791 × n × F × cb × U
0.7 × (
R
V
)
−0.3
(
V
D
)
−0.644
         (5.10) 
 
where U is the peripheral velocity, R is the electrode radius, W is the angular velocity, V is the kinematic 
viscosity. From the equation, diffusion layer thickness can be redefined [121]: 
 
d = 12.64 × U−0.7 × R0.3 × D0.356 × V0.344           (5.11) 
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This states that when the flow velocity exceeds 5 m/sec, the change in diffusion layer thickness is 
negligibly small as shown in Figure 5.24. 
To describe the corrosion behavior of Ni-P and Ni-P/TiO2 coatings, the works from Tremaine 
and Ziemniak are introduces which includes the hydrolysis behavior of NiO at the elevated temperature 
in variety pH condition. Where pH is 9.3 at 150 oC, the molality of Ni2+ at the ion saturated solution is 
almost saturated compared to other hydroxides, but as the temperature increases up to 200 oC, the 
molality of Ni(OH)3- significantly increases. This explains that the dissolution of Ni2+, which is ionized 
from NiO, is dominated at 150 oC [56]. The active reactions of the hydrolysis of NiO in deoxygenated 
ammonium and sodium hydroxide solutions are known as follows [59]: 
 
Below 149oC, a hydrous NiO phase controls the dissolution reaction equilibrium via 
 
β − Ni(OH)2 + 2H
+(aq) ↔ Ni2+(aq) + 2H2O          (5.12) 
 
Above 149 oC, but below 247 oC, busenite NiO controls the dissolution reaction equilibrium via 
 
NiO(s) + 2H+(aq) ↔ Ni2+(aq) + H2O           (5.13) 
 
Thus, near 150 oC, the pre-oxidized element may undergo the dissolution reaction equilibrium via 
 
β − Ni(OH)2 ↔ Ni
2+ ↔ NiO            (5.14) 
 
According to the phase diagram, the thermodynamic favored phase in Ni-H2O system is NiO at 
temperature 125 – 175 oC. Thus, in the observation severe corrosion at the metal/oxide interface is due 
to the oxidation of Ni to Ni2+ to form NiO. The mechanism of the enhanced corrosion resistance of Ni-
P/TiO2 coating is the substantial role owing to electrochemical property of TiO2 is a galvanic coupling 
between anodic Ni-P and cathodic TiO2 [91, 92, 122]. Since TiO2 provides anodic protection for Ni-P 
matrix, the nanoparticles stimulate the formation of passive layer (NiO) thus ECP of the system moves 
toward positive direction. Thus, localized corrosion is inhibited. Thus, Ni system becomes stable as it 
locates in passive region. In addition, Ashassi-Sorkhabi and Chen found that the spatially dispersed 
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nanoparticles induce the formation of spherical shape clusters. Thus, the penetration of aggressive 
electrolyte is effectively supressed [106, 122]. Therefore, spatial dispersion of the nanoparticle obstruct 
the corrosion behavior of Ni-P coating in both physical and chemical way. 
 Figure 5.25 gives the schematic diagram of the corrosion behavior of various Ni system in 
flowing condition. Zeller and Medway investigated the corrosion behavior of Ni system in alkaline 
solution such as NaOH and KOH. They found that when Ni is exposed to the alkaline condition, 
Ni/NiO/Ni(OH)2, NiOOH/water structures are formed in the static condition, as shown in Figure 5.25(a) 
[57, 60]. This indicates that there is hydrolysis of NiO occurs at the metal/environment interface. In this 
study, the complex structures are not observable indicating that neither Ni(OH)2 nor NiOOH is 
deposited at the oxide/water interfaces. 
Compared to static condition corrosion, the corrosion in flowing water is displayed in Figure 
5.25(b) and (c). In case of Ni-P, the system continuously dissolved into flowing bulk water by forming 
NiO and Ni(OH)2. The flowing water induces severe mass transport of Ni2+ ions into the water thus 
severe corrosion occurs at temperature 150 oC. However, when TiO2 nanoparticles are incorporated in 
Ni-P matrix, NiO becomes fully stabilized due to anodic protection since TiO2 play a role as a cathode 
and Ni play a roles as a anode [91, 92, 122]. To be concluded, the thermodynamic stability of NiO thin 
film is achieved by the anodic protection between active Ni-P and noble TiO2 nanoparticles. Thus, the 
dissolution of Ni-P/TiO2 matrix is suppressed due to the anodic protection as the ions are directly 
oxidized at the interface. Therefore, the Ni-P/TiO2 can be a promising solution to mitigate FAC of CS 
under high-temperature flowing water condition. However, when there is a continuous dissolution of 
Ni from Ni-P matrix, accumulation of P in the localized area is expected. Phosphate have been widely 
applied as a water treatment additive in numerous power plants including fossil and nuclear. It controls 
the pH and buffer against development of acidic or caustic condition. But in 1970s, phosphates were 
largely discontinued due to SCC and wastage problem [123]. Regardless of these issues, the formation 
of localized phosphate would be permissible because recently application of Ni plating repair technique 
for pressure vessel or steam generator tube is added in ASME code section XI [124]. 
From here, FAC simulation behavior of Fe-based AMC will be discussed. The change in the 
weight of the samples is displayed in Figure 5.21. The metal losses were calculated by dividing the 
weight losses by the surface area, 8 cm2. The error bars represent the deviation from four samples for 
each of the tests. Figure 4 shows that at approximately 150 °C, corrosion rate of Fe-based AMC exhibit 
a slightly positive weight change, i.e., a weight gain. The weight gain of the metallic materials can be 
ascribed to oxidation. Thus, it can be concluded that alloy elements including Fe, Cr, and Mo oxidized 
during the tests. However, in contrast with other temperatures, the samples decreased in weight at 
150 °C. 
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In Figure 5.26, the surface of the coated samples after the tests is displayed along with the 
chemical analysis data of the matrix from EDS. To clearly show the morphology of the oxide covering 
the surface of the coating, we show the flat surface. In Figure 5.26(a), neither oxide scales nor 
polyhedral oxide crystals can be observed on the surface. As a slight increase in the weight is observed, 
as shown in Figure 5.21, it can be concluded that the coating was oxidized due to oxygen diffusion into 
the bulk matrix. According to the EDS analysis, the samples immersed at 150 °C (Figure 5.26(b)) 
exhibit scale-like oxides on the surface that cover approximately 50% of the surface area. The EDS 
analysis also shows a slight increase in the O contents compared to the sample immersed at 125 °C; 
however, proposing a clear explanation for this is currently difficult. Similar to the samples heated at 
150 °C, scale-like oxide formation is also observable for the coating immersed at 175 °C, which covers 
a much smaller surface area compared to that of the sample heated at 150 °C (Figure 5.26(c)). In contrast, 
polyhedral oxides formed for the samples at 200 °C (Figure 5.26(d)). The chemical composition of the 
polyhedral oxide was unable to be determined by the EDS analysis, but it is expected to be AB2O4 
(spinel), mainly FeCr2O4, while few other metals or metalloids elements are present. 
 For the following analysis, we chose two experimental conditions, namely, immersion at 150 
and 200 °C because the prepared coating is proposed as a corrosion barrier in carbon steels, which 
undergo severe corrosion at 150 °C. Therefore, an in-depth discussion of their performance is needed. 
In addition, the formation of the polyhedral oxides, which is estimated as FeCr2O4 spinel oxides, only 
appears at 200 °C. It is interesting to note that the spinel usually forms when the protective internal 
oxide is present. Therefore, XPS and FETEM analyses were carried out for the 150 and 200 °C samples. 
Figure 5.27 and Figure 5.28 illustrated the XPS spectra of the samples after the FAC simulation 
tests at 150 and 200 oC, respectively. In Figure 5.27(a), it is found that Fe species are observable at 0 
secs sputtering while Cr and Mo are not observable in Figure 5.27(b), and Figure 5.27(c). It explains 
that the composition of the oxide at the oxide-water interface is mainly Fe species. As sputtering time 
increases, evolution of Fe spectrum is observable for Fe. In case of Cr (Figure 5.27(b)), the broad Cr2O3 
peak near 577 eV is observable and, likewise to Fe, evolution of Cr peak is observable after 1010 s of 
sputtering. However, Mo is not observable until 20 secs of sputtering but after 350 secs of sputtering, 
metallic Mo appears. In case of the samples immersed at 200 oC, the evolution of peaks at oxide-water 
interface is observable for not only Fe (Figure 5.28(a)) but Cr (Figure 5.28(b)). Furthermore, metallic 
Fe peak is not clearly observable until 1010 s of sputtering. This tendency is same for Cr. In case of Mo, 
it is hard to find clear spectra (Figure 5.28(c)). 
 TEM images of the CX morphologies of the samples immersed at 150 °C and 200 °C are 
displayed in Figure 5.29 and Figure 5.30, respectively. In Figure 5.29, an oxide layer approximately 
200 nm in thickness with spherical oxide precipitates can be observed for the 150 °C sample. According 
to the chemical analysis, The bulk oxide is composed of mainly Fe with remarkable contents of Cr, and 
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W. Small dot shaped Fe-Mo rich phase is observable which is assumed to be Mo-substituted Fe3O4. 
 For the sample immersed at 200 °C (Figure 5.30), three oxide layers appear: octahedral oxide 
crystals at the topmost surface (Fe3O4), compact Cr-rich oxide at the intermediate layer, and the 
amorphous bulk oxide layer. The chemical analysis confirms that the main components of the spinel is 
Fe3O4; the thickness of the intermediate Cr-rich oxide layer is 60 nm, and a bulk oxide layer is present. 
Also, the bulk oxide remains as amorphous thus in high-temperature water, Fe-based AMC keeps its 
original crystal structure. 
This indicates that the passivation behavior of the Fe-based AMC highly depends on the 
oxidation behavior of Cr. Since Cr2O3 is known as a protective oxide, weight gain occurs during the 
erosion–corrosion tests. However, according to the TEM images of the samples immersed at 150 °C 
(Figure 5.29(a)), compact and uniform oxides near the oxide/water interface or metal/oxide interface 
are not observable. Instead, Fe–Mo intermetallic compounds are spatially dispersed in the bulk matrix. 
In addition, the oxide formed at 150 °C is much thicker than that formed at 200 °C. Zeng’s work on the 
effects of metallic nanoparticles on the oxidation behavior of alloys revealed that the existence of 
nanosized metallic nanoparticles provides a potential path for O2 diffusion [125]. Since the nanosized 
intermetallic compounds are formed in the bulk matrix, these compounds provide an O2 diffusion path; 
thus, oxidation of the metallic species at the metal/oxide interface may continuously occur. In contrast, 
at 200 °C, three oxides were found: FeCr2O4 spinel at the surface, Cr-rich oxide (Cr2O3) in the 
intermediate layer, and a bulk oxide layer with an amorphous structure. At 200 °C, a compact and 
uniform Cr2O3 layer is formed; thus, the diffusion of O2 along the defects was successfully hindered. 
The most outstanding advantage of metallic glasses is known to be its corrosion resistance due to its 
defect-free structure. Therefore, as shown in Figure 11 (e), amorphous oxides successfully obstruct the 
penetration of O2. 
The electron microscopy and XPS results show that the Fe-based AMC exhibit Cr2O3 as a 
passive oxide layer in different forms at 150 and 200 °C. Different morphologies of the passive oxide 
layers are highly related to the thermodynamic properties of the metal oxides, including Fe3O4, Cr2O3, 
and FeCr2O4. XPS analysis on the post-test samples immersed at 150 and 200 oC gives that the formation 
of minor species such as metallic oxides and hydroxides definitely occurs 
 To calculate the solubility of Cr under hydrothermal alkaline conditions, Ziemniak’s work on 
the solubility and phase behavior of Cr(III) oxides in hydrothermal alkaline media is adopted [126]. In 
his work, the solubility of Cr(III) oxides under hydrothermal conditions (T > 60 °C) was calculated 
based on the Cr(III) oxide dissolution reaction as follows: 
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CrOOH(s) + (3 − n)H+ ⇄ Cr(OH)n
(3−n)
+ (2 − n)H2O         (5.15) 
 
where n refers to the state of hydrolysis and may take on the values 0–6. However, unlike the case of 
the solubility of Fe, that of Cr is not highly dependent on temperature. Specifically, at both 150 °C and 
200 °C, Cr2O3 can remain as a passive oxide layer since it does not severely hydrolyze (e.g., CrOH)3) 
or dissolve. FeCr2O4 can exist as a product of chemical reaction with Fe species. Instead, based on the 
knowledge of Cr(III) ion hydrolysis, Ziemniak argued that ferrous chromite may be expected to dissolve 
in near neutral pH aqueous solutions by the following reaction [126]: 
 
FeCr2O4(s) + 2H2O + 2H
+ ⇄ Fe2+ + 2Cr(OH)3          (5.16) 
 
From the available thermodynamic data, the standard Gibbs free energy change (ΔG0) was obtained as 
follows [126]: 
 
ΔG0(J mol⁄ ) = −73097 + 423.73T            (5.17) 
 
where T is the temperature (K). It is known that thermodynamically stable solid phase of Cr(III) oxide 
is expected to dissolved in high temperature solution via the reaction [126]: 
 
CrO(OH)(s) + 3H+ ⇄ Cr3 + 2H2O              (5.18) 
 
Furthermore in the temperature range including 150 and 200 oC, a second dissolution reaction needs to 
be considered [126]: 
 
Cr(OH)3 ∙ 3H2O + 3H
+ ⇄ Cr3 + 6H2O           (5.19) 
 
The dissolved Cr(III) ion is stabilized by forming hydroxocomplexes. Thus, for temperature above 60oC, 
the overall Cr(III) oxide dissolution reaction becomes the following sequence: 
70 
 
 
CrOOH(s) + (3 − n)H+ ⇄ Cr(OH)n
(3−n)+ + (2 − n)H2O         (5.20) 
 
where n is the state of the hydrolysis. Therefore, as temperature increases, the dissolution of Fe2+ and 
Cr3+ accelerates according to the Equation (4). 
At 200 °C, FeCr2O4 remains as a stable oxide at the oxide/water interfaces since the formation reaction 
of FeCr2O4 is as follows [127]: 
 
Fe + 1 2⁄ O2 + Cr2O3 = FeCr2O4            (5.21) 
 
Even if the DO concentration during the experiment was maintained at less than 1 ppb, that 
amount of DO is enough to simulate Equation 8. In brief, at 150 °C, thermodynamic equilibrium phase 
in Fe-Cr-H2O system are Fe3O4, FeCr2O4. Even with DO, less than 1 ppb, is enough to stimulate those 
chemical reactions. Furthermore, the dissolution rate of Fe3O4 and FeCr2O4 is relatively higher than the 
condition when only Cr2O3 remains. However, because of the presence of nanosized Fe–Mo 
intermetallic compounds, oxygen diffuses into the metal/oxide interfaces. Therefore, continuous 
oxidation occurs for the Fe-based AMC. In contrast, at 200 °C, the dissolution of Fe3O4 and FeCr2O4 is 
not thermodynamically favored. Furthermore, Cr2O3 dissolves only negligibly. Thus, the protective 
oxide layer forms at the oxide/water interface. In addition, FeCr2O4 spinel is formed at the topmost 
oxide via the chemical reaction with Fe and Cr2O3. Therefore, it can be concluded that the Fe-based 
AMC can be utilized for high-temperature erosion–corrosion resistant coatings owing to its outstanding 
passivity. 
. 
5.1.5. Performance in FAC Condition 
The thickness change during the FAC experiments are displayed in Figure 5.31. UT was 
employed to measure the thickness of CS, LAS, Ni-P/TiO2 coated CS, and Fe-based AMC coated CS 
elbow pipeline. After 21 days of immersion at dearated 150 oC flowing water, the thickness was 
measured. Commonly, intrados show much severe corrosion behavior than extrados. Study from El-
Gammal that investigate flow profiles in 90o elbow found that significantly accelerates along the 
intrados due the favorable pressure gradient [71]. In case of CS, there was significant thickness 
reduction in both intrados and extrados and at point 3, the thickness reduction is much higher (Figure 
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5.31(a)). This is because there is acceleration flow at elbow point. In case of LAS (P22), thickness was 
barely changed (Figure 5.31(b)). This indicates that P22 is noble in this condition due to the formation 
of Cr-rich oxide at the surface. In case of Ni-P/TiO2, there was significant thickness reduction at position 
3 of intrados. Likewise, thickness reduction at extrados is observable. This is assumed to be there is 
peeling-off of coating layer (Figure 5.31(c)). However, likewise to FAC simulation results, Fe-based 
AMC show increase in thickness in intrados indicating that thickness gain due to oxidation (Figure 
5.31(d)). To investigate the morphology of the tested pipeline, photography and SEM were employed. 
 Figure 5.32 illustrated the photography of cut samples after 21 days of immersion. From top 
to bottom, CS, Ni-P/TiO2, Fe-based AMC, and P22 are aligned. In case of CS, corroded surface appears 
with reddish brown colored oxide mainly Fe3O4. All the surface is corroded uniformly. In case of Ni-
P/TiO2, severely corroded surface is observable at intrados. This well matches with the result from UT 
in Figure 5.31. In case of Fe-based AMC, reddish brown colored oxide is observable along with intrados 
in elbow position indicating severe corrosion at intrados. Thus, it can be assumed that thickness gain at 
intrados is due to the formation of Fe oxides. However, P22 does not show corroded surface indicating 
the stability of P22. 
 Surface and CX morphologies of the pipe samples are analyzed from Figure 5.33 to Figure 
5.36. The position of the analysis is 3 (center of the UT analysis). Figure 5.33 displays the morphologies 
of CS. As indicated in Figure 5.33(a), Figure 5.33(b, c) are the extrados and Figure 5.33(d,e) are intrados, 
respectively. At the extrados, porous Fe3O4 layer is formed and CX analysis gives that there is severe 
porosity. Similar tendency is observable for the intrados. Surface is covered by thick oxide layer and 
CX gives that there is severe porosity, which is formed during the hydrolysis of Fe species. In case of 
P22 (Figure 5.34), the extrados surface is covered by relatively porous oxides (Figure 5.34(b) but there 
is no significant porosity according to CX analysis (Figure 5.34(c)). The thickness oxide reduces 
compared to that of CS. In the intrados, the surface reveals orange-peel shape oxide (Figure 5.34(d)) 
and likewise to the other side, the CX reveals that there is no significant porosity (Figure 5.34(e)). The 
different morphology of P22 at the intrados and the extrados is originated from flow profile. Since the 
intrados has more fast velocity, there is more significant dissolution of the oxide occurs. In case of Ni-
P/TiO2 coatings, the surface is covered by Ni-P/TiO2 coatings in both intrados and extrados (Figure 
5.35(b) and (d)). However, according to the CX analysis the coating layer is barely visible (Figure 
5.35(c) and (e). This indicates that the coating is detached during the FAC test and this well matches 
with the result of Figure 5.31(c). In case of Fe-based AMC, the surface is well covered by the coating 
layer at both intrados and extrados (Figure 5.36(b) and (d)). And, the coating layer is observable for 
both side according to CX analysis (Figure 5.36(c) and (e)). This confirms that Fe-based AMC is 
resistive even in high-temperature flowing condition. 
 Finally, the measurement results from the UT and the post mortem analysis is compared as 
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shown in Figure 5.37. During the post mortem measurement, the error is set to 1 %. In this figure, the 
scatters in left indicates the UT results, and the right ones indicate the post mortem measurement. In all 
samples, CS (Figure 5.37(a)), P22 (Figure 5.37(b)), Ni-P/TiO2 (Figure 5.37(c)), and Fe-based AMC 
(Figure 5.37(d)), significant difference between two measurement techniques is not observable. Thus, 
it can be concluded that the performance evaluation in the FAC condition is quiet reliable. 
 
5.2. Performance of the E-C Resistive Alloys 
5.2.1. Microstructure and Chemical Analysis 
 To confirm the chemical contents of the alloys, spark emission spectroscopy was employed as 
shown in Table 5.5. From the result, the chemistry of the alloys well matches with the ratio of feedstock 
materials. FRA 1 exhibits 2.180 wt.% Cr, 1.000 wt.% Mo, and 0.096 wt.% of C. FRA 2 exhibits 3.165 
wt.% of Cr, 0.495 wt.% of Mo, and 0.094 wt.% of C. And MFRA exhibits 4.185 wt.% of Cr, and 0.101 
wt.% of C. Impurity elements such as P and S was less than 0.003 wt.%. Crucible material, Cu, was not 
observable. Thus, purity of the alloy is verified. Microstructure of the alloys observed by OM is enlisted 
in Figure 5.38. The surfaces were etched according to E407-07. The heat treatment history of P22 is 
normalizing and tempering. According to Hideaki, the microstructure of normalized and tempered P22 
is bainite and the results is in good agreement [128]. However, the microstructure near the surface is 
ferrite rather than bainite. This is due to decarburization during heat-treatment procedure. 
Microstructure of FRA 1 resembles that of P22. With bainite base, some ferritie is observable (Figure 
5.38(b)). And at the surface, the portion of ferrite increases due to the decarburization process. In case 
of FRA 2, also bainite structure is observable but the portion of bainite decreases as Cr content increases 
(Figure 5.38(c)). As Mo is eliminated from the alloy (Figure 5.38(d)), the structure becomes a complex 
of acicular ferrite and bainite. This is because Mo makes more strong impacts on bainite formation. 
 
5.2.2. Mechanical Properties 
Vicker’s hardness results of the alloys are enlisted in Figure 5.39. For each alloy, 10 points for 
surface, intermediate, and bulk regions are measured. For FRA 1, the hardness from the surface scatters 
since the mixture of ferrite and bainite exists. However, as the portion of ferrite decreases in 
intermediate and bulk region, the hardness is in good agreement with commercial P22. Similar trend is 
observable for FRA 2 but hardness in intermediate and bulk region slight decreased since the portion of 
bainite decrease. In case MFRA, hardness at surface region slightly increases but that of bulk region 
decreases less than 200 HV. This is originated from the portion of bainite decreases. 
In stress-strain curves (Figure 5.40), the trend is that YS and UTS of the alloys are comparably 
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similar. YS of the alloys are 348.2, 372.4, 350.2 MPa for FRA 1, FRA 2, MFRA, respectively. ASTM 
requirement for A335 P22 in YS is known as 210 MPa. And, UTS for the alloys are 443.3, 462.8, and 
446.4 MPa. But elongation decreases in order of FRA 1 – FRA 2 – MFRA. Reduction in elongation is 
originated from the reduction in bainite portion in microstructure. However, all the criteria satisfy 
ASTM standards for P22. 
According to Fadel’s work, the effect of these elements, such as Cr, Mn and Mo, on the 
transformation behavior is of the particular interest in this steel grades [129]. They make a huge impact 
on the formation of proeutectodie ferrite. If the ferrite is transformed, austenite grains is decorated then 
bainite formation is disabled. In other words, if there is proeutectodie ferrite, acicular ferrite 
intergranular nucleation becomes dominant. Cr, Mn, and Mo is known as to prevent the formation of 
proeutectodie ferrite and pealite thus hardenability of the steel increases. 
 
5.2.2. Electrochemical Properties in Seawater 
In Figure 5.41, LSV results of FRA 1, FRA 2 and MFRA in 3.5 wt.% NaCl are displayed. 
Regardless of the chemistry of the alloys, the LSV curves have a similarity in E0 and I0. This is because 
3.5 wt.% NaCl solution is aggressive solution thus general corrosion occurs rather than pitting corrosion. 
Since E-C is a type of general corrosion rather than localized corrosion, it is expected that the alloys 
will possess sufficient corrosion resistance in simulated secondary water chemistry. Figure 5.42 
illustrates the AC responses of the alloys in 3.5 wt.% solution. Unlike to the trend in Figure 5.41, FRA 
2 shows susceptibility to corrosion than the others. This is because there would be threshold Cr and Mo 
contents for corrosion resistance in 3.5 wt.% NaCl solution. In Nyquist plots (Figure 5.42(a)), the circuit 
model was Randle’s circuit model thus there is single oxide at the metal/water interface. Small diameter 
of FRA 2 indicates poor corrosion resistance. This tendency is also observable in Bode plots (Figure 
5.42(b)). Thus, it is noticeable that the modification of Cr and Mo contents for LAS make a impact on 
corrosion resistance in seawater. 
 
5.2.3. Performance in FAC Simulation Condition 
After the FAC simulation experiments, the corrosion rate of the samples were calculated based 
on the weight loss, surface area, and immersion time as shown in Figure 42 In Figure 5.43(a), the 
corrosion rate of CS, P22, FRA 1, FRA 2, and MFRA is plotted with calculated result from Ducreux’s 
model. The corrosion rate of the Cr and Mo containing alloys are less than that of CS and the result is 
in good agreement with Decruex’s model.  
 In Figure 5.43(b), the corrosion rate of the alloys without CS is illustrated. Theoretically, the 
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corrosion rate of P22 and that of FRA 1 should be identical however P22 shows less corrosion rate. The 
different corrosion rate in two alloys are due to the presence of Si in P22 and galvanic coupling between 
cementite (Fe3C) and ferrite. Ishitsuka reported that when Si exists in the alloy, it forms a protective 
amorphous-SiO2 film at the surface which reduces the oxidation rate considerably [130]. Also, Nam 
reported that for pearlite structure, there is a galvanic coupling which occurred at cementite and ferrite 
phases [15]. The corrosion rate of FRA 1, FRA 2, and MFRA follows Ducreux’s model. That of FRA 1 
and MFRA is almost identical and that of FRA 2 is the smallest. This result indicates that not only Cr 
and Mo but also other alloy elements affects FAC rate, Mo plays a role during FAC rate, and Mo can 
be substituted by Cr. 
 SEM images on the surface after the FAC simulation tests are illustrated in Figure 5.44. The 
surface morphology of P22 (Figure 5.44(a)) exhibits some oxide scales but the number of the oxide 
scale decreases in that of FRA 1 (Figure 5.44(b)). Thus, weight differences in P22 and FRA 1 may arise 
from formation of oxide scales. In case of FRA 2 (Figure 5.44(c)) and MFRA (Figure 5.44(d)), those 
oxide scales are not observable. Only polishing scratches are observable thus the oxidation mechanism 
of Cr and/or Mo containing alloys is internal oxidation. To investigate FAC behavior of the alloys, TEM 
is employed as shown in following figures. 
 From Figure 5.45 to Figure 5.48, they illustrates CX images of P22, FRA 1, FRA 2, and MFRA 
and yellow dot lines indicate EDS line profile region for the corresponding chemical analysis result. In 
the EDS results, chemical composition of Ga and C is omitted since they are residual due to TEM 
sampling process. In case of P22, three oxide layers are observable in Figure 5.45(a): oxide scale at the 
topmost location, thin compact oxide which can be clearly seen in Figure 5.45(b), and bulk oxide region. 
The EDS line on relatively low magnitude shows that the oxides are composed of Fe and O. Since the 
ratio of Fe and O is close to 3:4, the chemistry of oxide is assumed to be Fe3O4. According to the EDS 
profile on high magnitude image, the enrichment of Cr in the compact oxide is observable. Thus, the 
oxide layer structure of P22 is seemed to be Fe3O4 scale – Cr-enriched compact oxide – bulk Fe3O4 
layer. 
 In Figure 5.46(a), the overall oxide structure is illustrated and the structure resembles that of 
P22. The overall oxide chemistry is assumed to be Fe3O4 based on the ratio of Fe and O. And, 
enrichment of Cr is observable as shown in Figure 5.46(b). Thus, likewise to P22, the oxide layer 
structure is Cr-enriched compact oxide – bulk Fe3O4. 
 In Figure 5.47(a), the oxide structure of FRA 1 is shown. Likewise to the other alloys, two 
oxide layer is observable: thin and compact oxide as topmost oxide and bulk oxide layer. However, void 
appears at the interface between two oxide layers. The chemical composition of the oxide layers appears 
to be Fe3O4 and there is enrichment of Cr in the topmost oxide (Figure 5.47(b)). Since 0.5 wt.% Mo is 
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in the alloy, the presence of void indicate that local corrosion resistance of Mo-containing alloy may be 
hindered due to high-temperature flowing water. And as Cr contents increases, homogenous distribution 
of Cr in the oxide layers arises. 
 In MFRA, the oxide layer structure resembles that of FRA 2. Along with the depth, Cr is also 
homogenously distributed as shown in Figure 5.48(a)). At the topmost oxide layer, enrichment of Cr is 
observable (Figure 5.48(b)). However, any void does not appear at the oxide interface. 
 From the CX analysis, it can be concluded that Cr and/or Mo containing LASs have bi-layer 
oxide structure with Cr-enriched topmost oxide and Fe3O4 bulk oxide. In Figure 5.49, this trend can be 
clearly observable. In Figure 5.49(a), the enrichment of Cr at the outer layer can be clearly observable. 
The Cr content in the inner layer is relatively smaller than that of Cr in metal. Likewise to P22, FRA 1 
(Figure 5.49(b)), the enrichment of Cr in the outer layer is seen. As Cr increases in metal (Figure 5.49(c)), 
the both enrichment in the outer oxide and the inner oxide is observable. And, the similar trend is shown 
in MFRA (Figure 5.49(d)). This indicates that increase in Cr contents in steels induces higher Cr 
contents in both oxides. To investigate the detailed chemistry and crystal structure of the oxide layers, 
electron DPs were analyzed based on HRTEM measurement as shown in Figure 5.50 and Figure 5.51. 
 Figure 5.50 displays the electron DPs of the Cr-enriched topmost oxide layer of P22 (Figure 
5.50(a)), FRA 1 (Figure 5.50(b)), FRA 2 (Figure 5.50(c)) and MFRA (Figure 5.51(d)). In the patterns, 
amorphous halos appear thus the Cr-enriched layers are amorphous Fe3O4 with Cr substitution. But the 
bulk oxides reveal Fe3O4 structure as enlisted in Table 5.6 and Figure 5.51. In Table 6, miller indices 
and reference d-spacing data of Fe3O4 and those of the alloys are given. From the DP pattern images, 
the strongest intensity was chosen and they are (111), (220), (311), (400), (511), and (440). In case of 
P22, average d-spacing distortion ratio is -0.329 %. And that of FRA 1, FRA 2, and MFRA is -0.567 %, 
-0.694 %, and -0.815 %, respectively. The compression of crystal structure is due to Cr substitution in 
Fe3O4 structure. According to Manjanna’s work, there is a slight decrease in unit-cell values with Cr-
substitution in Fe2O3 and Fe3O4 due to relatively smaller ionic radii of Cr3+ [131-133]. Liang reported 
reduction in crystal size of Cr-substituted Fe3O4 and stoichiometry of Cr ion as Cr3+ [134]. For Cr cations 
in Fe3-xCrxO4, their K-edge positions in XAS are also quite close to those of Cr3+ in Cr2O3 and FeCr2O4, 
but far from those of CrO3, and Cr metal. The peak profiles of Fe3-xCrxO4 are also similar to that of 
spinel FeCr2O4 containing octahedra Cr3+. These two evidences indicate that Cr cations in Fe3-xCrxO4 
are mainly Cr3+. 
 Figure 5.52 illustrated chemical composition of Cr in the oxide layers. As shown in Figure 
5.52(a), the composition of Cr in the outer oxide is the highest for FRA 2 followed by MFRA, FRA 1 
and P22. Since the corrosion rate of FRA 2 is the smallest, FAC behavior is dominated by Cr contents 
of outer oxide layers. As previously explained, the Cr contents of the inner oxides is proportional to 
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change in d-spacing. To evaluate the correlation between the corrosion rate and the Cr contents, that of 
the oxides is divided by that of the metal as shown in Figure 5.51(b). The Cr contents of the outer oxides 
is smallest for P22, and that of FRA 1 and MFRA is similar, and the largest for FRA 2. Since the 
corrosion rate of FRA 1 and MFRA is similar, it can be concluded that the chemical composition of Cr 
in an outer oxide determines the FAC behavior. And, that of P22 does not follows this trend, may other 
elements such as Si may make influence on FAC behavior. 
 Evolution of oxide layers of Fe-Cr alloy in alkaline environment was reported by Jiang [135]. 
The OH- from the solution reacts firstly with selectively dissolved Fe in the outer passive film layer. 
Plenty of nucleation sites lead to the formation of the Fe oxide island and eventually passive layer as 
follows: 
 
Fe2+ + 2OH− → Fe(OH)2                      (5.22) 
Fe(OH)2 +
1
2
O2 + H2O → Fe(OH)3          (5.23) 
 
Since the outer oxide layer disables the direct interaction between the dissolved Fe species and 
hydroxide ions, the ions penetrate into the oxide layer and they are chemically contact with Cr in the 
metal. The in situ Fe-Cr oxide inner layer then forms: 
 
Cr3+ + 3OH− → Cr(OH)3             (5.24) 
 
The relatively low Cr content in the passive film and large number of particle boundaries facilitate the 
transport of Cr through passive film. Due to the hindering of the inner oxide layer with contact to H2O, 
the following reaction occurs: 
 
2Cr(OH)3 → Cr2O3 + 3H2O            (5.25) 
 
Similar tendency will be found since Cr2O3 is more stable in PWR condition rather than Cr(OH)3 [136]. 
After long-time passivation, a stable passive film forms on the steel with the amorphous outer layer 
consists of Fe2O3 and FeOOH3 and the crystalline inner layer FeO-Cr2O3. 
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 In high-temperature alkaline water, the corrosion behavior of Fe and Cr is determined by 
thermodynamics. According to Ziemniak’s serious work on solubility of Fe and Cr oxides in high-
temperature alkaline water, the corrosion behavior of Fe and Cr is known as follows [10]. By means of 
magnetite solubility studies conducted in sodium hydroxide with varying level of dissolved hydrogen, 
Tremaine and Leblanc quantified the redox equilibrium: 
 
Fe(OH)2(aq) + H2O ↔ Fe(OH)3(aq) +
1
2
H2(g)              (5.26) 
 
By means of Fe3O4 solubility studies conducted in sodium hydroxide with varying level of 
dissolved hydrogen, Tremaine and Leblanc quantified the redox equilibrium. The dissolved Cr3+ is 
stabilized by forming hydroxocomplexes in high-temperature alkaline water [126]. That is, Cr3+ ion is 
surrounded by six H2O molecules in octahedral symmetry. Multiple steps of dissociation of these 
complexes occurs as follows: 
 
Cr3 + 3H2O → Cr(OH)
2+ + H+               (5.27) 
Cr(OH)2+ + H2O → Cr(OH)2
+ + H+           (5.28) 
Cr(OH)2
+ + H2O → Cr(OH)3(aq) + H
+           (5.29) 
Cr(OH)3(aq) + H2O → Cr(OH)4
− + H+           (5.30) 
 
Thus, for temperature above approximately 60 oC, the overall Cr3+ oxide dissolution reaction becomes 
the following sequences since: 
 
Cr(OOH)(s) + (3 − n)H+ → Cr(OH)n
(3−n)+ + (2 − n)H2O         (5.31) 
 
However, based on summaries of room temperature equilibria, it may be concluded that only hydrostatic 
states corresponding to n >= 3 need to be considered when analyzing behavior of Cr3+ in neutral and 
alkaline pH solution. As shown in 5.48, thermodynamically favored reaction of Cr3+ in alkaline pH 
solution is known as follows [126]: 
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CrO(OH)(s) + H2O → Cr(OH)2(aq)          (5.32) 
 
Diffusion through the oxide layer at high temperature is by short circuit routes, such as micro-
pores and grain boundaries, rather than the lattice. In deaerated condition, the inward diffusion of 
oxidized species occurs by diffusion of either water molecules or oxygen ions or hydroxide ions along 
the short circuit routes [34, 35]. Therefore, in high-temperature flowing water, FAC behavior of LASs 
can be determined as 3-step process as shown in Figure 5.54: 
1. The OH- from the solution reacts firstly with selectively dissolved Fe in the outer passive film 
layer then plenty of nucleation sites lead to the precipitation of Fe oxides and the formation of 
passive particles 
2. Since the continuous layer hinders the exposure of the inner layer to H2O in the solution, Cr3+ 
dissolved into the Fe oxide layer 
3. Continuous passivation to form the compact two layers with the amorphous and the crystalline 
Cr substituted Fe oxides 
4. Since the solubility of Cr species is far less than that of Fe species, there is a continuous 
dissolution at the outer amorphous layer. This induces enrichment of Cr in the outer layer thus 
the higher Cr content reinforces the passivity of the steels [36]. 
 
5.3. Performance Evaluation of the Developed Materials 
 Figure 5.55 illustrated the performance of the developed materials in FAC simulation tests at 
150 oC. In this study, two commercial alloys (CS, LAS), three E-C resistive coatings (Ni-P, Ni-P/TiO2, 
Fe-based AMC), and three E-C resistive alloys (FRA 1, FRA 2, MFRA) are tested in various E-C 
conditions using multiple instruments. As shown in graphs, CS is extremely susceptible to the E-C, thus 
LAS replaces its position but LAS still also possess unsolved problems including weldability, 
mechanical property, and price. According to the results, Ni-P/TiO2 coating and Fe-based AMC can be 
promising candidate since their corrosion rate is comparable to P22. However, the result from FAC tests 
gave that Ni-P/TiO2 coating is not applicable for high flow rate or erosion condition due to its low 
mechanical property. In case of E-C resistive alloys, all the materials reveal comparable corrosion rate 
with the commercial LAS. This confirms that the result well matches will Ducreux’s model. Even 
without Mo, E-C is suppressed by higher Cr rate thus MFRA can be a promising alternative for 
secondary system of NPPs. Figure 5.56 gives the comparison of the corrosion rate with EDF CIROCO 
loop data, Ducreux’s high and low flow rate model, and the result from this study [37]. In the loop test, 
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various tests were conducted in low, high flow rate in single and two-phase flow with different steam 
quality (X in the graph). One phase flow tests were conducted at pH 9.0, DO concentration < 1 ppb, 
and temperature was 180 and 175 oC for single- and two-phase flow, respectively. Reference Cr content 
(= 0.04 wt.%) is originated from the chemical composition of Cr of U 490. Ducreux defined the 
reference value since his data showed that reduction in FAC rate had been observable above 0.04 wt.% 
Cr. FAC rate was measured by thin layer activation by using 56Co as a radionuclide surface marker. The 
result from this study is in the range of low and high Ducreux’s model confirming the validity of this 
study. Since it is unable to locate Ni-P/TiO2 coating and Fe-based AMC due to weight gain, the position 
of Ni-P is located. According to the result, Ni-P coating is equal to 0.6 wt.% Cr containing steel. E-C 
resistive alloys reveal 1/50 times lower corrosion rate compare to reference steel. 
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Table 5.1. LSV fitting parameters of the CS, Ni-P and Ni-P/TiO2 in seawater condition 
Sample 
Ecorr 
(VSCE) 
Icorr 
(μA/cm2) 
Rp 
(Ω‧cm) 
CS (A516 Gr.60) -0.720 16.6 1570 
Ni-P -0.451 2.50 20883 
Ni-P/TiO2 -0.382 0.385 105750 
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Table 5.2. EIS fitting parameters of the CS, Ni-P and Ni-P/TiO2 in seawater condition 
Sample 
R
po
 
(Ω·cm
2
) 
R
ct
 
(Ω·cm
2
) 
CPEc 
CPE
dl
 
Cdl 
(μF/cm2) Q
ox
 
(μF·s(n-1)·cm-2) 
nc 
Q
dl
 
(μF·s(n-1)·cm-2) 
ndl 
CS (A516 Gr.60)  1230   104.99 0.782 59.338 
Ni-P 1059 19287 15.34 0.749 1.4416 0.878 0.87629 
Ni-P-TiO2 1557 196010 6.5902 0.837 1.522 0.877 1.2845 
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Table 5.3. LSV fitting parameters of the CS, Ni-P and Ni-P/TiO2 in high-temperature water 
Test Temperature (oC) Specimen E0 (mVSHE) I0 (A/cm2) Ilim (A/cm2) Rp (Ω·cm2) 
125 
CS (A516 Gr.60) -725 5.30 × 10-5  492 
Ni-P -653 2.50 × 10-5  1041 
Ni-P-TiO2 -554 6.66 × 10-5  3920 
150 
CS (A516 Gr.60) -774 1.89 × 10-5  137 
Ni-P -665 6.54 × 10-5  3991 
Ni-P-TiO2 -620 2.36 × 10-5  11000 
175 
CS (A516 Gr.60) -838 4.77 × 10-5 3.13 × 10-5 546 
Ni-P -853 1.66 × 10-5 2.66 × 10-5 1565 
Ni-P-TiO2 -852 2.02 × 10-5 2.05 × 10-6 1291 
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Table 5.4. EIS fitting parameters of the CS, Ni-P and Ni-P/TiO2 in high-temperature water with different temperature 
Parameters 
Rpo 
(Ω·cm
2
) 
Rct 
(Ω·cm
2
) 
WS 
CPE
c
 
CPE
dl
 
R T 
Q
dl
 
(μF·s(n-1)·cm-2) 
ndl 
125 oC 
CS 50.78 130.2 3110 12.87 0.49517 2652.4 0.54652 
Ni-P 38.85 1447 5615 0.100 0.41653 351.44 0.54834 
Ni-P-TiO2 49.57 1505 954.9 15.07 0.41477 251.7 0.68005 
150 oC 
CS 71.96 42.08 2233 42.71 0.37299 3058.4 0.64978 
Ni-P 38.3 1062 16679 26.62 0.35252 355.31 0.49489 
Ni-P-TiO2 57.52 1827 2183 17.71 0.362727 294.7 0.64587 
175 oC 
CS 12.12 151.0 7185 0.24791 0.96448 2578.3 0.52469 
Ni-P 51.79 134 8764 92.59 0.34564 134.82 0.66365 
Ni-P-TiO2 19.26 199.7 7727 62.68 1.0424 248.06 0.64827 
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Table 5.5. Spark emission spectroscopy results of chemical composition of the alloys 
  C Si Mn P S Cr Mo Ni Cu Fe 
FRA 1 0.096 0.008 0.010 0.002 0.002 2.180 1.000 0.004 - 96.70  
FRA 2 0.094 0.014 0.011 0.002 0.002 3.165 0.495 0.004 - 96.21  
MFRA 0.101 0.021 0.013 0.002 0.003 4.185 0.024 0.005 - 95.65  
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Table 5.6. Miller indices, d-spacing, and distortion rate of the alloys and the reference 
JCPDS 019-0629 
(Fe
3
O
4
) P22 FRA 1 FRA 2 MFRA 
(hkl) 
d-spacing 
(A) 
d-spacing 
(A) 
Distortion 
Rate (%) 
d-spacing 
(A) 
Distortion 
Rate (%) 
d-spacing 
(A) 
Distortion 
Rate (%) 
d-spacing 
(A) 
Distortion 
Rate (%) 
(111) 4.852 4.8400 -0.247 4.8370 -0.309 4.7870 -1.340 4.7990 -1.092 
(220) 2.9670 2.9500 -0.573 2.9620 -0.169 2.9540 -0.438 2.9480 -0.640 
(311) 2.5320 2.5270 -0.197 2.5120 -0.790 2.5080 -0.948 2.5160 -0.632 
(400) 2.0993 2.0950 -0.205 2.0830 -0.776 2.0920 -0.348 2.0820 -0.824 
(511) 1.6158 1.6140 -0.111 1.6140 -0.111 1.6020 -0.854 1.6030 -0.792 
(440) 1.4845 1.4750 -0.640 1.4660 -1.246 1.4810 -0.236 1.4710 -0.909 
  Average (%) -0.329 Average (%) -0.567 Average (%) -0.694 Average (%) -0.815 
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Figure 5.1. SEM surface and TEM CX morphologies of the coating: (a) Ni-P and (b) Ni-P/TiO2 
 
 
 
 
 
87 
 
 
 
Figure 5.2. SEM morphologies of Fe-based AMC: (a) feedstock powder, (b) surface, (c, d) CX with 
indication of porosity by white and yellow arrows, and (e) EDS line profiles indicated in (c). 
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Figure 5.3. TEM morphologies of Fe-based AMC: (a) STEM and (b) HRTEM nanocrystalline and 
amorphous matrix morphology of Fe-based AMC with electron DP 
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Figure 5.4. Depth-profiled XPS spectra of as-sprayed Fe-based AMC: (a) Fe, (b) Cr, and (c) Mo 
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Figure 5.5. LSV results of CS, Ni-P, and Ni-P/TiO2 in seawater condition 
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Figure 5.6. Equivalent circuit model for (a) CS and (b) Ni-P, Ni-P/TiO2 
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Figure 5.7. EIS results of CS, Ni-P, and Ni-P/TiO2 in seawater condition 
 
 
 
 
 
 
 
 
93 
 
 
 
 
 
 
 
 
 
Figure 5.8. Schematic diagram on the corrosion process of ENP coatings with and without 
nanoparticles: (a) Ni-P coating, (b) Ni-P/TiO2 coating 
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Figure 5.9. LSV results of CS and Fe-based AMC in seawater condition 
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Figure 5.10. EIS results of CS and Fe-based AMC in seawater condition: (a) equivalent circuit model, 
(b) Nyquist plots 
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Figure 5.11. Fitting parameters of CS and Fe-based AMC after EIS tests in seawater: (a) Rct, (b) Cdl, 
and (c) ndl 
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Figure 5.12. LSV results of CS, Ni-P, and Ni-P/TiO2 at deaerated (a) 125, (b) 150, (c) 175 oC, 8 MPa, 
and pH25 9.3 water condition 
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Figure 5.13. Corrosion rate of CS, Ni-P, and Ni-P/TiO2 at deaerated (a) 125, (b) 150, (c) 175 oC, 8 
MPa, and pH25 9.3 water condition] 
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Figure 5.14. EIS results of CS, Ni-P, and Ni-P/TiO2 deaerated pH25 9.3 water condition at 125 oC: (a) 
Nyquist, (b, c) Bode plots. 
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Figure 5.15. EIS results of CS, Ni-P, and Ni-P/TiO2 deaerated pH25 9.3 water condition at 150 oC: (a) 
Nyquist, (b, c) Bode plots. 
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Figure 5.16. EIS results of CS, Ni-P, and Ni-P/TiO2 deaerated pH25 9.3 water condition at 175 oC: (a) 
Nyquist, (b, c) Bode plots. 
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Figure 5.17. FAC simulation results of CS and P22 after 14 days of immersion at 150 oC: (a) weight 
loss, and SEM surface morphology of (b) CS and (c) P22 
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Figure 5.18. TEM CX morphology of (a) CS and (b) P22 after 14 days of immersion at 150 oC with 
EDS chemical analysis on yellow arrows 
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Figure 5.19. STXM morphology and XAS spectra of CS and P22 after FAC simulation test at 150 oC: 
STXM morphology of (a) CS, (b) P22, and (c) XAS spectra in different regions 
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Figure 5.20. STXM morphology and XAS spectra of P22 after FAC simulation test at 150 oC: STXM 
morphology of (a) P22, and (b) XAS spectra in different regions 
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Figure 5.21. Corrosion rate of Ni-P, Ni-P/TiO2 and Fe-based AMC at deaerated 125, 150, 175 and 200 
oC, 8 MPa, and pH25 9.3 water condition after 2 weeks of immersion (a) with and (b) without that of 
CS 
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Figure 5.22. SEM surface morphologies of (a,b,c) CS, (d,e,f) Ni-P, and (g,h,i) Ni-P/TiO2 after the FAC 
simulation experiments with temperature variation [55] 
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Figure 5.23. TEM CX morphologies of the Ni-P and Ni-P/TiO2 after the immersion at 150 oC. (a) 
STEM morphologies on the NiO/Ni-P interfaces corresponding chemical elements mappings. The 
white arrows indicate Ni-depleted zones. (b) STEM morphologies on the NiO-detached area with the 
chemical elements mappings. (c) STEM morphologies on the Ni-P/TiO2 with the EDS mappings [55] 
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Figure 5.24. Effects of peripheral velocity on the diffusion layer thickness of the metallic species. 
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Figure 5.25. The FAC mechanism of Ni-P alloys and Ni-P/TiO2 under static and flowing conditions. 
(a) Previous studies on the hydroxide formation of Ni-P alloys under static condition. FAC behavior 
of (b) Ni-P and (c) Ni-P/TiO2 at 150oC in this study [55]. 
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Figure 5.26. SEM surface morphologies of Fe-based AMC after the FAC simulation experiments at 
(a) 125, (b) 150, (c) 175, and (d) 200 oC 
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Figure 5.27. XPS depth profiling results of Fe-based AMC after the FAC simulation experiments at 
150 oC: (a) Fe, (b) Cr, and (c) Mo 
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Figure 5.28. XPS depth profiling results of Fe-based AMC after the FAC simulation experiments at 
200 oC: (a) Fe, (b) Cr, and (c) Mo 
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Figure 5.29.TEM analysis results for the samples immersed at 150 °C. The position of chemical 
composition analysis is indicated in the CX morphologies. 
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Figure 5.30.TEM analysis results for the samples immersed at 200 °C. The position of chemical 
composition analysis is indicated in the CX morphologies. 
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Figure 5.31. UT results of (a) CS, (b) P22, (c) Ni-P/TiO2 and (d) Fe-based AMC after 21 days of 
immersion under 5.7 m/sec of 150 oC flowing deaerated water at pH 9.3 
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Figure 5.32. Photography of the cut samples after the FAC experiments 
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Figure 5.33. SEM surface and CX morphologies of CS at (a, b) intrados and (c, d) extrados at the 
position 3 
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Figure 5.34. SEM surface and CX morphologies of P22 at (a, b) intrados and (c, d) extrados at the 
position 3 
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Figure 5.35. SEM surface and CX morphologies of Ni-P/TiO2 at (a, b) intrados and (c, d) extrados at 
the position 3 
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Figure 5.36. SEM surface and CX morphologies of Fe-based AMC at (a, b) intrados and (c, d) 
extrados at the position 3 
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Figure 5.37. The comparison between UT thickness measurement data (after 3 weeks of immersion) 
and the post mortem thickness measurement data: (a) CS, (b) P22, (c) Ni-P/TiO2, and (d) Fe-based 
AMC. In the same position, the left scatters indicate the UT results, and the right scatters indicate the 
post mortem measurement. 
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Figure 5.38. Microstructure of (a) P22, (b) FRA1, (c) FRA2, and (d) MFRA in surface region 
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Figure 5.39. Vicker’s hardness measurement results of the alloys – black scatters are measured points 
and red scatters are average of the region 
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Figure 5.40. Tensile test results of the alloys and the parameters 
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Figure 5.41. LSV results of FRA1, FRA2 and MFRA in seawater condition 
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Figure 5.42. EIS results of FRA1, FRA2 and MFRA in seawater condition: (a) Nyquist plots (b) Bode 
plots 
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Figure 5.43. Weight loss of CS, P22, FRA 1, FRA 2, MFRA after FAC simulation tests at deaerated 
150 oC, 10 MPa, and pH25 9.3 water for 14 days (a) with and (b) without that of CS 
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Figure 5.44. SEM surface morphologies and EDS results of (a) P22, (b) FRA 1, (c) FRA 2, and (d) 
MFRA after FAC simulation tests at deaerated 150 oC, 10 MPa, and pH25 9.3 water for 14 days 
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Figure 5.45. STEM CX morphologies and EDS results of P22: (a) overall oxide, (b) topmost oxide 
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Figure 5.46. STEM CX morphologies and EDS results of FRA 1: (a) overall oxide, (b) topmost oxide 
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Figure 5.47. STEM CX morphologies and EDS results of FRA 2: (a) overall oxide, (b) topmost oxide 
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Figure 5.48. STEM CX morphologies and EDS results of MFRA: (a) overall oxide, (b) topmost oxide 
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Figure 5.49. Enlarged EDS chemical composition of Cr and Mo of the alloys: (a) P22, (b) FRA 1, (c) 
FRA 2, and (d) MFRA 
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Figure 5.50. Electron DP on the compact oxide layer of the alloys: (a) P22, (b) FRA 1, (c) FRA 2, and 
(d) MFRA 
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Figure 5.51. Electron DP on the bulk oxide of the alloys: (a) P22, (b) FRA 1, (c) FRA 2, and (d) 
MFRA 
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Figure 5.52. (a) Cr contents in the oxides of P22, FRA 1, FRA 2, and MFRA and their correlation with 
change in d-spacing, (b) the ratio of Cr contents in the oxide and the metals of P22, FRA 1, FRA 2, 
and MFRA 
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Figure 5.53. Gibbs free energy change during the oxidation of Cr species in high temperature water 
[126] 
 
 
 
 
 
139 
 
 
 
 
 
 
Figure 5.54. FAC mechanism of LAS with different Cr and Mo contents in high-temperature flowing 
water 
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Figure 5.55. The corrosion rate of the commercial alloys, the E-C resistive coatings and alloys in FAC 
favored condition 
 
 
 
 
 
 
 
 
141 
 
 
 
 
 
 
Figure 5.56. Comparison with Decrreux’s high and low flow rate model and EDF CIROCO 
experimental data (Reproduced from [37]) 
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VI. CONCLUSION 
In this study, to mitigate or prevent FAC, resistive coatings (Ni-P/TiO2 and Fe-based AMC) 
and alloys (FRA 1, FRA 2, and MFRA) have been designed and manufactured and their performance is 
evaluated by multiple techniques. 
 FAC behavior of CS and LAS is investigated under various condition. In FAC simulation 
condition with different temperature variations, it can be concluded that the susceptibility of 
CS is due to the formation of porous magnetite, which could be easily dissolved into flowing 
water. Contrarily, LAS forms Cr-substituted magnetite layer at the interface thus it can 
successfully resist to E-C 
 To design FAC resistive coatings, thermodynamic stability, and corrosion-, erosion, and wear-
resistance of materials have been considered. As candidate materials, Ni-P/TiO2 coating and 
Fe-based AMC is chosen. 
 In seawater condition, Ni-P/TiO2 coating shows remarkable corrosion resistance compared to 
CS and Ni-P due to the galvanic coupling between Ni-P bulk matrix and noble TiO2 
nanoparticles. However, Fe-based AMC is susceptible to seawater corrosion due to intrinsic 
surface area, defects, and morphology. 
 In simulated secondary water chemistry, electrochemical behavior of Ni-P/TiO2 is also 
remarkable compared to Ni-P at 150 oC. However, at 125 and 175 oC, Ni-P coating also 
possesses excellent corrosion resistance. This is due to the electrochemical property of TiO2 is 
not activated at those temperature. 
 FAC simulation tests are performed using secondary water chemistry control system and a 
magne-drive installed autoclave system. The test conditions are: temperature 125-150 oC, < 1 
ppb DO, pH 9.3, ETA controlled. CS follows bell-shaped curves where the peak corrosion rate 
is 150 oC. The corrosion rate of LAS is 1/9 of CS. Ni-P and Ni-P/TiO2 coating are effectively 
suppress the corrosion but, at 150 oC, the peeling-off of the oxide is observable for Ni-P while 
Ni-P/TiO2 is stable. The CX morphologies confirms that this is due to galvanic coupling 
between Ni-P and TiO2 nanoparticles. Fe-based AMC shows weight gain in all temperature due 
to the formation of thick oxide. 
 FAC simulation results of FRA 1, FRA 2, and MFRA show that the corrosion rate follows 
Ducreux’s model. This confirms that Cr could substitute Mo. All the alloy possesses two-layer 
oxide structure: Cr-rich amorphous outer layer and Cr-substituted bulk oxide layer. Since Cr 
contents at the outer oxide layer determines corrosion rate, it can be concluded that MFRA can 
be a good countermeasure for commercial LAS. However, degradation in mechanical property 
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especially hardness and elongation presents in MFRA. 
 UT results from CS, LAS, and coated 90 oC experiments show that severe corrosion is 
observable especially at intrados of CS, and Ni-P/TiO2. Morphologies confirms that this is due 
to severe corrosion at intrados. However, P22 and Fe-based AMC is not corroded under 5.7 
m/s flow condition. Thus, Fe-based AMC is effective in erosion favored condition. 
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VII. SUMMARY 
Structural materials in secondary system of commercial NPPs undergoes severe degradation 
so called E-C. Many studies have substantially studied its form, mechanism, and case study to 
understand and acknowledge its fundamental but still clear countermeasures have not been developed. 
These days, E-C is being managed by NDE and commercial software but it is unable to solve materials 
challenge. 
In this study, various E-C resistive coatings and alloys are developed and their performance is 
evaluated in simulated secondary water chemistry. As candidate materials, ENP Ni-P/TiO2, and Fe-
based AMC are chosen owing to their excellence corrosion and wear resistance. Also, based on 
Ducreux’s relative FAC model, three FRAs are designed with different Cr and Mo contents. The model 
inspired that Mo can be substituted by higher Cr rate. In simulated secondary water chemistry, Ni-
P/TiO2 coating shows better corrosion resistance than Ni-P due to galvanic coupling between Ni-P 
matrix and the nanoparticle. However, it is not corrosion resistive according to high flow rate FAC test. 
In case of Fe-based AMC, it is not corrosion resistive in seawater condition but its performance in FAC 
condition is promising. Three FRAs show outstanding FAC resistance in simulated secondary water 
chemistry. As Cr content increases, the Cr content in the oxide layer increases. Until now, the chemistry 
of the oxide is known as FeCr2O4 but microstructure and chemical analysis gives that the chemistry of 
the oxide is Cr-substituted Fe3O4. Also, the role of Mo in alkaline water chemistry is not clearly 
observed but it aids the passivity of FRAs. 
Based on this study, it is able to replace commercial alloys -both CS and LAS- in operating 
NPPs since the replacement of material is relatively not time- and energy-consuming compared to the 
modification of water chemistry factor. Also, the findings in this study especially corrosion behavior of 
various alloys (Ni, Fe-Cr-Mo, etc.) in high-temperature flowing water can be either directly or indirectly 
expand a viewpoint on the materials degradation in coolant transportation system. 
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